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Editorial

Editorial for the Special Issue on Sustainable Composite
Construction Materials

Krishanu Roy 1,* and Beulah Gnana Ananthi Gurupatham 2,*

1 School of Engineering, The University of Waikato, Hamilton 3216, New Zealand
2 Division of Structural Engineering, College of Engineering Guindy Campus, Anna University,

Chennai 600025, India
* Correspondence: krishanu.roy@waikato.ac.nz (K.R.); beulah28@annauniv.edu (B.G.A.G.)

Sustainable composite construction materials play a crucial role in creating more envi-
ronmental friendly and energy-efficient buildings. Sustainable construction is a growing
imperative in the face of global environmental challenges. As the construction industry
seeks to reduce its carbon footprint, a pivotal focus has emerged in the development and
utilization of sustainable composite construction materials. Traditionally, we neglected the
impact of embodied and operational carbon generated during the manufacture of building
materials and the operational stage of building, leading to significant carbon emissions
over the last several decades, causing global warming and other related problems. The
articles featured in this Special Issue of the Journal of Composites Science aim to provide
engineers and scientists with a comprehensive understanding of the current challenges
in sustainable construction. This Special Issue contains ten articles, including a review
article and nine original research papers contributed by renowned scholars specializing
in civil and construction engineering, civil and architectural engineering, structural en-
gineering, and physical sciences; these are all appropriately cited. The topics covered in
this Special Issue include principles related to lightweight bricks, eco-sustainable cement
mixes, high-volume fly ash-based concrete slabs reinforced with GFRP bars and steel bars,
the mechanism of steel-fiber-reinforced concrete beams and slabs, sugarcane–bagasse ash,
engineered cementitious composites, bricks created using recycled plastics and bitumen,
smart mortar layers, and transfer learning techniques for crack detection. These papers
strike a harmonious balance between academic and industrial research, showcasing a
collaborative synergy between the two sectors. The following parts of this editorial provide
a summary of these ten publications.

Sambucci et al. [1] utilized recycled rubber as an aggregate in the design, modeling, and
experimental characterization of lightweight concrete hollow bricks. The near-compliance
of rubber concrete blocks with standard requirements and their value-added properties
demonstrated significant potential for incorporating waste rubber as an aggregate for non-
structural applications. This study confirmed that fractal geometries and waste aggregates
can be successfully integrated into bricks to achieve eco-friendly solutions with enhanced
structural and acoustic performances.

Sivanantham et al. [2] conducted an experimental investigation to examine the in-
fluence of steel fiber reinforcement on the plastic hinge length of a concrete slab under
repeated loading. The results obtained through repeated loading applied to the slab indi-
cate that the steel fibers employed at critical sections of the plastic hinge length provided
similar strength, displacement, and performance outcomes as those of conventional RCC
slabs and fully steel-fiber-reinforced concrete slabs. The study concludes that, rather than
using steel fibers throughout the concrete slab, incorporating them specifically at the plastic
hinge length is not only effective but also more economical.

Madan et al. [3] conducted a comparative study on the flexural behavior of an ordinary
Portland cement (OPC) concrete slab and a high-volume-fly-ash (HVFA) concrete slab

J. Compos. Sci. 2023, 7, 491. https://doi.org/10.3390/jcs7120491 https://www.mdpi.com/journal/jcs
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reinforced with GFRP rods and steel rods. In the fly ash concrete slabs, 60% of the cement
used for casting the elements was replaced with class F fly ash, emerging as an eco-friendly
and cost-effective alternative to OPC. The observation revealed that the GFRP rods, when
utilized as a replacement for steel rods in both conventional and fly ash concrete, resulted in
improved strength compared to that of the one-way slab. The findings of this investigation
highlight the potential use of GFRP rods with fly ash concrete in slabs.

Madan et al. [4] investigated the flexural behavior of ordinary Portland cement (OPC)
concrete slabs and high-volume-fly-ash (HVFA) concrete slabs reinforced with bi-directional
GFRP sheets. Slab specimens were cast with 60% fly ash as a replacement for cement
and were equipped with 1 mm thick GFRP sheets in two, three, and four layers. The
experimental investigation demonstrated that HVFA concrete slabs reinforced with GFRP
sheets present a more sustainable alternative compared to steel reinforcement, thereby
contributing to sustainable construction. This study further underscores the potential use of
high-volume fly ash as a cement replacement in concrete slabs, offering an effective means of
mitigating the impact of greenhouse gas emissions and promoting sustainable construction.

Prabhath et al. [5] conducted a review of existing research on concrete containing
various percentages of sugarcane bagasse ash (SCBA) as a partial replacement for OPC. The
potential to minimize the cost of concrete in large-scale construction via the incorporation
of suitable amounts of SCBA while meeting required standards and specifications was
investigated as well. Based on the literature, it was concluded that SCBA shows promise
as a viable partial replacement material for OPC. This research could be extended to
explore additional cement replacement materials, which, when combined with SCBA, may
contribute to the development of low-cost and high-performance concrete.

Chinnasamy et al. [6] presented the results of an experimental investigation on the
cyclic response of a GFRP beam column infilled with high-volume-fly-ash engineered
cementitious composites (HVFA-ECC), incorporating 60%, 70%, and 80% fly ash as a
replacement for cement. Consequently, GFRP sections infilled with HVFA-ECC could serve
as lightweight structural components in buildings intended for construction in earthquake-
prone areas. The utilization of high-volume fly ash, a byproduct of coal-burning power
plants, in conjunction with manufactured sand in ECC due to the scarcity of river sand, not
only enhances the structural properties of the engineered cementitious composite (ECC)
but also contributes to a reduction in CO2 emissions.

Sivanantham et al. [7] investigated the effects of carbon fiber mesh jacketing and steel
fiber reinforcement at the plastic hinge length of a concrete beam subjected to a vertical
monotonic load. Rather than distributing steel fibers throughout the entire span of the
beam, they concentrated them solely at the plastic hinge length. This approach yielded
comparable performance outcomes under monotonic loading while reducing the number
of fibers, making it a more economical alternative. Meanwhile, they used carbon fiber
jacketing for the whole beam span with fiber being placed at the plastic hinge length, which
showed the best performance outcome when compared to that of other techniques.

Durairaj et al. [8] conducted an experimental study on the flexural behavior of sustain-
able reinforced cement concrete (RCC) beams featuring a smart mortar layer incorporated
into the concrete mixture. The experimental results demonstrated that the smart mortar
layer could detect damage in the RCC beams and interpret the damage through electrical
measurements, enhancing the sustainability of the beam. Notably, compared to the hybrid
brass-carbon-fiber-incorporating mortar layer, the brass-fiber-incorporating mortar layer
exhibited a substantial increase in the fractional change in electrical resistivity (fcr) values.

Koppula et al. [9] maximized the use of plastic waste to manufacture bricks that match
the properties of conventional bricks without negatively impacting the environmental
or ecological balance. These bricks were produced using a well-balanced mixture of
high-density polyethylene (HDPE), quartz sand, and certain additive materials such as
bitumen. The incorporation of HDPE and quartz sand ensured that the bricks were void-
free and free of alkalis, making them a suitable and environmentally friendly choice for the
construction industry.
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Philip et al. [10] conducted a comprehensive analysis of well-known pre-trained net-
works for the classification of cracks in concrete buildings. The classification performance
outcomes of convolutional neural network designs, including VGG16, VGG19, ResNet 50,
MobileNet, and Xception, was compared using a concrete crack image dataset. This study
revealed that the features acquired through training are highly accurate when applied to
various materials. Pre-trained networks emerge as an excellent choice for the application
of convolutional neural networks (CNNs) in crack detection tasks, as they require fewer
training samples and exhibit a faster convergence rate.

The editors of this Special Issue express sincere appreciation to all the authors who
generously shared their scientific knowledge and expertise. Their contributions do not only
enrich this Special Issue but also significantly advance research in the field. The meticulous
evaluation of numerous submissions conducted by peer reviewers deserves recognition,
as their valuable insights and constructive feedback have markedly improved the over-
all quality of the papers published in this Special Issue. Lastly, the editors extend their
gratitude to the Managing Editors of the Journal of Composites Science for their steadfast
support throughout the entire process. Their dedication and assistance played a crucial
role in ensuring the successful completion of this Special Issue. We hope that ‘Sustainable
Composite Construction Materials’ will become a valuable resource for researchers, practi-
tioners, and students in science and engineering. We believe that the presented findings
and insights will contribute to a deeper understanding of sustainable construction, and
we anticipate that the innovative solutions discussed in these papers will inspire further
research and advancements in this field.

Challenges and Considerations: While the potential benefits of sustainable compos-
ite construction materials are evident, challenges persist. The upfront cost, durability, and
end-of-life considerations require careful attention. Sustainable composite construction
materials stand at the forefront of a paradigm shift in the construction industry, offering
a path towards the development of environmentally friendly resilient buildings and in-
frastructures. As innovation continues to drive the development of these materials, their
integration into mainstream construction practices holds the promise of a more sustainable
and regenerative built environment. The pursuit of sustainable construction is not merely a
choice but an imperative for a resilient and environmentally conscious future.

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

A Review on the Optimization of the Mechanical Properties of
Sugarcane-Bagasse-Ash-Integrated Concretes

Nisala Prabhath 1, Buddhika Sampath Kumara 1,*, Vimukkthi Vithanage 1,

Amalka Indupama Samarathunga 1, Natasha Sewwandi 2, Kaveendra Maduwantha 1,

Madawa Madusanka 3 and Kaveenga Koswattage 1

1 Department of Engineering Technology, Sabaragamuwa University of Sri Lanka, Belihuloya 70140, Sri Lanka
2 Sugarcane Research Institute, Udawalawe 70190, Sri Lanka
3 Department of Materials Science and Engineering, University of Moratuwa, Moratuwa 10400, Sri Lanka
* Correspondence: buddhika@tech.sab.ac.lk

Abstract: Leading sugar-producing nations have been generating high volumes of sugarcane bagasse
ash (SCBA) as a by-product. SCBA has the potential to be used as a partial replacement for ordinary
Portland cement (OPC) in concrete, from thereby, mitigating several adverse environmental effects
of cement while keeping the cost of concrete low. The majority of the microstructure of SCBA is
composed of SiO2, Al2O3, and Fe2O3 compounds, which can provide pozzolanic properties to SCBA.
In this paper, literature on the enhancement of the mechanical properties of SCBA-incorporating
concrete is analyzed. Corresponding process parameters of the SCBA production process and
properties of SCBA are compared in order to identify relationships between the entities. Furthermore,
methods, including sieving, post-heating, and grinding, can be used to improve pozzolanic properties
of SCBA, through which the ideal SCBA material parameters for concrete can be identified. Evidence
in the literature on the carbon footprint of the cement industry is utilized to discuss the possibility of
reducing CO2 emissions by using SCBA, which could pave the way to a more sustainable approach
in the construction industry. A review of the available research conducted on concrete with several
partial replacement percentages of SCBA for OPC is discussed.

Keywords: carbon footprint of cement; bagasse ash composites; green concrete; pozzolanic; sustainable
construction

1. Introduction

Construction is always proceeding and reciprocal waste is generated in high volumes,
as the demand for further construction has been rising throughout the past several decades.
A 2.5% increase in cement production highlights the high consumption of concrete in recent
times [1]. In 2005, global cement production was 2300 million tons and in 2020, it rose
to 3500 million tons. The cement demand is expected to be around 4400 million tons in
2050 [2]. The global construction industry has been excessively dependent on ordinary
Portland cement material (OPC), raising environmental, economic, and health concerns.
An ideal solution for cement is needed to ensure greater sustainability for the construction
sector as well [3].

OPC production is considered as one of the major global CO2 emitting processes,
largely thanks to being the third-most energy intensive operation for the production of one
ton of produce. Therefore, the current process of OPC production cannot be considered
as sustainable [4]. Health-related issues that emerge around dumpsites due to SCBA are
notable [5]. Furthermore, the contribution of concrete to the total cost of a typical con-
struction project is high, which can be reduced with suitable low-cost cement replacement
materials [3]. In order for a material to be categorized as a suitable replacement for OPC,
an initial requirement is that it has to possess pozzolanic characteristics.

J. Compos. Sci. 2022, 6, 283. https://doi.org/10.3390/jcs6100283 https://www.mdpi.com/journal/jcs
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Several replacement options have been mentioned in the literature [6–9], including
fly ash, blast furnace slag, silica fume, wood ash, and ceramic waste. Sugarcane bagasse
ash (SCBA) from the sugar industry is also considered as a potential replacement material
for cement.

Fly ash contains aluminum and silica within its microstructure, which help to improve
key aspects in concrete, such as workability, cohesiveness, ultimate strength, and durability.
Blast furnace slag, which is a byproduct of the iron extraction process, provides concretes
with enhanced workability properties and better resistance to adverse effects from chem-
icals, while reducing the early temperature rise after mixing the concrete. Silica fumes
are generated during silicon production, which can be introduced into concrete mixtures
and help to improve compressive strength, bond strength, and abrasion resistance and to
reduce permeability. The workability and compressive strength of concrete structures are
enhanced after wood ash from combustion boilers is introduced. Ceramic waste dust is
generated from dressing and polishing of ceramic products. The strength and durability of
concrete benefit when ceramic waste dust is present in the mix [6–9].

In this review (see Figure 1), the effects of SCBA on important mechanical proper-
ties (compressive strength, workability, split tensile strength) in concrete and evidence
of a reduction in the cost of concrete by utilizing SCBA are discussed. Moreover, carbon
footprint analysis of the cement industry is reviewed so that the importance of utiliz-
ing SCBA and other potential cement replacement materials can be highlighted as well.
Furthermore, potential new research areas are identified so that future research can be
systematically planned.

 

Figure 1. Scope of the review article (Sugarcane Bagasse Ash—SCBA).
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2. Sugar Manufacturing Industries

Around 115 countries produce over 1850 million tons of sugarcane annually to supply
sugar, alcohol, and paper to the global markets [7]. Sugarcane was also considered the
world’s second-largest crop-production industry during 2017–2018 [10]. The sugar industry
in the global market is majorly dominated by nations, including Brazil, India, China,
Thailand, etc. Brazil, the world’s leading producer of sugarcane bagasse, produced more
than 700 million tons in 2019, accounting for roughly 40% of global production. India and
China, respectively, are the nations with the next-highest contributions to global sugarcane
production [11–14]. In Thailand, it was recorded that 98 million tons of sugarcane were
produced, placing Thailand in fourth place in global sugarcane production rankings in
2013 [14,15]. Nigerian sugarcane production recorded a high volume of over 15 million
tons in 2013 [16].

Significant byproducts of the sugar industry are bagasse, molasses, SCBA, and filter
press mud, which can be processed to the status of economically valuable byproducts
in later processes of sugar production [17]. During 2017–2018, Indian sugarcane bagasse
production reached a maximum of 30 million tons. China has an annual production of
1.2–2 million tons of SCBA from sugarcane bagasse [17]. It is commonly mentioned that
high volumes of sugarcane bagasse and SCBA are produced in sugarcane manufacturing
facilities around the world [11–14].

Over 25% of the initial sugarcane weight is converted to sugarcane bagasse during
the sugar-making process [18,19]. SCBA can be generated up to an amount of 3–5% of
the total weight of sugarcane bagasse used in the combustion chamber [7,8,13]. The
burning process/technology and the content of materials that consist of crushed sugarcane
bagasse contribute significantly to defining the final quality of SCBA. At the same time,
quantum impurities are reduced from a complete and effective combustion while the level
of crystallinity is altered simultaneously. In addition to that, the other most-critical factors
that determine the properties of SCBA are the parameters of the post-processes, including
grinding, post-burning, and sieving [17,20].

The initial stage of the SCBA production process (see Figure 2) is the harvesting of
sugarcane crops. If paper mills are available for production, approximately 50% of the
leftover bagasse is transferred to the paper mills to produce paper after the extraction of
sugar juice from the sugarcanes [21]. Later, in the cogeneration area, sugarcane bagasse
is used as a fuel to produce steam, which powers the generation of electricity driven by
turbines. Burning of bagasse is performed in a controlled environment inside the boiler
where the temperature is altered with care to achieve efficient complete combustion. The
average temperature inside the boiler is set at or above 500 ◦C. A three-hour burning
process at 600 ◦C calcination temperature produced the highest pozzolanic activity [11].
During this process, minimum silica, alumina, and iron oxide for natural pozzolans reach
above 70% by weight, which is the requirement according to the American Society for
Testing and Materials ASTM C618 [17]. Finally, the produced SCBA is collected from the
bottom of the boiler and ash-contaminated air from the boiler can be filtered to collect
another sample of SCBA [14,17]. SCBA is commonly used as a fertilizer in Brazil and India,
where SCBA is commonly dumped in landfills [7,17]. In Sri Lanka, the majority of the
bagasse is used as a biofuel to generate electricity needed to power the sugar production
operation [21].
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Figure 2. SCBA manufacturing process.

3. Sugarcane Bagasse Ash

Use of sugarcane as a biofuel for cogeneration of electricity is in practice at the mo-
ment [21,22] while it is mentioned that over 7% of Indian national electricity demand can
be supplied using sugarcane bagasse as a fuel for steam turbines [23].

SCBA is generated as a byproduct during the sugarcane bagasse burning process.
The main components that consist of sugarcane bagasse are cellulose (50%), hemicellulose
(25%), and lignin (25%). Because sugarcane bagasse contains up to 50% moisture, it is dried
before being introduced into boilers [24], although some sugar manufacturing plants do
not contain a drying stage within their process [25].

Potential applications of SCBA byproducts of bagasse burning can be identified,
including applications in glass-ceramic, Phillip site zeolite synthesis, geo polymers, Fe2O3-
SiO2 nanocomposites to remove chromium ions, sodium water glass, silica aerogels, and
mesoporous silica as a catalyst silica and as an absorbent to clarify sugarcane juice [14,26,27].
The main requirement for SCBA to be used as a replacement material for OPC in concrete
is its pozzolanic action. This depends on chemical properties and physical characteristics
of SCBA produced from combustion (see Table 1).

Table 1. Physical properties of SCBA.

Reference
Calcination

Temperature (◦C)
Density (gcm−3) Blaine Surface Area Particle Size (μm) Color

[7] DNR 2.52 5140 cm2/g 28.9 Reddish Grey

[14] 600–800 1.91 1450 cm2/g DNR Varied with
Temperature
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Table 1. Cont.

Reference
Calcination

Temperature (◦C)
Density (gcm−3) Blaine Surface Area Particle Size (μm) Color

[15] DNR 2.35 274 cm2/g 107.9 DNR
[28] DNR 2.22 11,270 cm2/g 12.97 DNR
[29] DNR 2.23 4720 cm2/g DNR Grey
[30] 900–1100 1.94 DNR <45 DNR
[31] DNR 2.16 296 m2/kg >300 Black

[32]
500 4.19 32.9708 m2/g

DNR DNR600 3.17 32.3502 m2/g
700 3.24 31.6265 m2/g

[33] DNR 2.86 DNR 40–90 Black

[34] 600 DNR
1960 (pre grind) 76

DNR6400 (ground)
5.0600 cm2/g

[35] DNR 2.1 240 m2/kg DNR Black
[36] DNR 2.2 4710 cm2/g 40.1 DNR

DNR—Data Not Recorded.

3.1. Physical Properties

The physical properties (see Table 1) of SCBA are defined (see Table 1 for available
data on density, surface area, particle size, and color of SCBA), starting from the soil of the
sugarcane plantation all the way to the SCBA collection method. The composition of the soil
on which the crops are grown supplies nutrients to these sugar plants and the heavy metals
present in the soil also rest within the plant bodies. Additional nutrients that are used
as fertilizer by the farmers contribute to the composition of SCBA as well. Furthermore,
the sugarcane variant and growth of plantation decide the internal composition of the
sugarcane bagasse [14,37].

If the collected bagasse contains other impurities while it is inserted inside the boiler,
the properties of such impurities will affect the properties of SCBA. It is crucial to be
conscious about the location of plantations and the bagasse collection method. Combustion
period and temperature inside the boiler affect the SCBA’s physical properties significantly.
SCBA is collected from leftover ash at the bottom of the boiler or from the air-filtration
system in the plant. Finer SCBA particles are present in the filtration system with less
carbon content as opposed to coarser SCBA particles collected from the bottom of the boiler.
Samples from the boiler are likely to have more carbon from unburnt bagasse volumes.
If the collected SCBA is milled, the physical properties can be determined based on the
milling time period [28,37].

As per the findings of Qing Xu et al. [14], different morphologies were identified in
three SCBA samples, which were processed at different calcination temperatures (600 ◦C,
700 ◦C, and 800 ◦C). Within each individual sample, the processing time period inside the
boiler altered its morphology. In general, all three samples illustrated different textures
after 1 h, 2 h, and 3 h calcination periods. Olubajo Olumide Olu et al. carried out similar
research [37] for samples calcinated at 600 ◦C, 650 ◦C, and 700 ◦C for 60, 90, and 120 min
and observed dissimilar compositions and morphologies in each sample.

Uncontrolled burning temperatures above 800 ◦C for longer periods convert the
amorphous silica into crystalline silica phase. It was identified that temperatures below
800 ◦C are the most cost-effective process parameters in SCBA production, while performing
grinding processes in the following step is performed to enhance the pozzolanic properties
of SCBA even further [38].

3.2. Micromorphology

Several shapes can be found in fine SCBA particles, including prismatic, spherical,
fibrous, and irregular. Spherical particles correspond to the melting of minor components,
such as Mg, P, K, Si, Na, Fe, etc. Higher temperatures provide the thermal conditions
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required for spherical particle formation. Prismatic particles illustrate a crystallization
effect within SCBA and it is disadvantageous to the pozzolanic properties present in SCBA.
Large coarse fibrous particles indicate unburnt carbon bagasse components present in the
SCBA profile [14,39,40]. The micromorphology of the final SCBA is influenced by the purity
of the bagasse, the thermal conditions inside the boiler, and the biological profile of the
sugarcane variant.

3.3. Chemical Properties

Individual samples’ chemical compositions are different from one another and SCBA
has a characteristic chemical composition to be generally categorized under class F pozzolan
material based on ASTM C618-08a specification. That is, the sum weights of SiO2, Al2O3,
and Fe2O3 compounds are more than 70% of the total mass of the SCBA sample [7,14].
According to information listed in Table 2, the majority of SCBA found in the literature
fulfills this requirement. Apart from the most-common chemical compounds that are listed
in Table 2, trace amounts of Ag, As, Ba, Cd, Cr, Hg, Pb, and Mn heavy metals can also be
found in SCBA [17,41].

Table 2. Chemical composition of SCBA.

(w/w) % SiO2 Al2O3 Fe2O3 Cao MgO SO3 K2O Na2O LOI

[7] 60–65 4–5 6–8 10–12 2–3 1–2 2–4 DNR 4–6
[15] 65.26 6.91 3.65 4.01 1.10 0.21 1.99 0.33 15.34
[18] 62.43 4.28 6.98 11.8 2.51 1.48 3.53 DNR 4.73
[28] 36.58 8.3 4.0 2.71 0.51 DNR 0.45 DNR DNR
[30] 54.4 9.1 5.5 12.4 2.9 4.1 1.3 0.9 9.4
[31] 75.9 1.55 2.32 6.25 1.77 DNR 8.4 0.12 4
[35] 77.08 1.46 2.42 6.22 1.6 DNR 5.36 0.3 4.2
[36] 72.85 1.07 6.96 9.96 6.49 DNR 6.76 1.96 4.23
[41] 78.34 78.34 3.61 2.15 0.12 DNR 3.46 DNR 0.42
[42] 87.97 1.84 2.65 2.65 0.72 0.15 0.32 0.28 10.45
[43] 78.34 8.55 3.61 2.15 DNR DNR 3.46 0.12 DNR
[44] 63.62 18.82 7.48 2.30 1.74 0.20 2.29 1.42 DNR
[45] 55.97 12.44 6.5 0.84 0.48 1.00 0.9 0 17.98
[46] 35.17 0.281 5.22 2.07 0.91 0.03 3.75 0.01 DNR
[47] 35.168 0.281 5.217 2.071 0.908 0.027 3.745 0.012 DNR
[48] 72.3 5.52 10.8 1.57 1.13 DNR DNR DNR 1.52
[49] 71.4 3.39 3.50 6.73 DNR 2.24 8.18 DNR 4.38
[50] 78.34 8.55 3.61 2.15 DNR DNR DNR 0.12 0.42
[51] 73 6.7 6.3 2.8 3.2 DNR 2.4 1.1 0.9
[52] 64.15 9.05 5.52 8.14 2.85 DNR 1.35 0.92 4.90
[53] 63.3 8.1 3.6 4.6 3.8 2.6 3.8 DNR 3.2
[54] 72.40 1.83 2.29 12.50 1.95 3.10 3.05 0.56 1.89
[55] 35.17 0.281 5.22 2.07 0.91 0.03 3.75 0.01 DNR

LOI—Loss on Ignition.

3.4. Pozzolanic Activity

It is mentioned that application of pozzolans as supplementary cementitious material
can improve the mechanical and durability properties in concrete [24,29,43,56]. Pozzolanic
strength in concrete is a result of the pozzolanic reaction between calcium hydroxide com-
pounds present in cement materials from cement hydration, silicates, and/or aluminates in
the chemical composition of SCBA and water in the concrete. Calcium hydroxide formation
is executed during the cement hydration process where chemicals in OPC (calcium silicates
and calcium aluminates) interact with water in the mix to form calcium hydroxides as one
of the products. The need for calcium hydroxide is that silicates and aluminates are only
soluble in highly basic media [57,58].

Calcium hydroxide molecules are then transported through water to combine with
aluminum/silicates. As a result of this chemical reaction, calcium silicates and aluminum
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silicates are synthesized, which are responsible for the enhanced physical properties in
concrete. This phenomenon occurs over longer periods, from months to years [57].

It is mentioned that curing samples at elevated temperatures within the first five
hours of post-mixing enhances the reaction rates in concrete, which results in even stronger
concrete [57]. SCBA samples with high LOI values have to be post-treated prior to using
them in concrete as they do not possess acceptable pozzolanic activity. Some unburnt
compounds in SCBA could be amorphous in nature and they might have the potential
to enhance the reactivity of SCBA, which requires further experimentation to arrive at a
conclusion [39].

The fineness in SCBA is reportedly directly related to the pozzolanic activity. Muham-
mad Izhar Shah et al. [59] carried out an investigation to identify the effect of milling time
period over an SCBA surface area by using samples that were passed through a 200-micron
standard sieve. The samples were grinded in a ball mill using ceramic balls as the grinding
media for grinding periods of 15, 30, 45, and 60 min. Later, investigations to find surface
area were carried out under the guidelines of ASTM C204, which revealed that SCBA
samples increased their specific surface areas to the sequence, with the 60 min processed
sample having the highest surface area and the 15 min milled sample having the lowest
surface area. T. Murugesan et al. [60] observed that the strength activity index (percentage)
value of processed SCBA is higher than 75%, which is the margin separating pozzolans
and non-pozzolans, while raw SCBA did not satisfy the requirement.

Bahurudeen et al. [38] investigated pozzolanic activity by varying the temperature in
the boiler and discovered that 700 ◦C produces the highest pozzolanic activity in SCBA
samples ground up for 120 minutes.

According to the experimentation carried out by Marcela M.N.S. de Soares et al. [48],
on pozzolanic activity comparison between SCBA, amorphous silica and crystalline silica
led to the conclusion that SCBA has pozzolanic properties at low levels that are more
similar to the pozzolanic properties in crystalline silica than amorphous silica.

3.5. Mineral Composition

Sugarcane crops, which are grown in silicic-acid-rich water-based soil, absorb com-
pounds into plantations and polymerization into amorphous silica occurs inside the plant
cells. The combustion process converts silica to reactive amorphous silica, which is iden-
tified in SCBA. Crystalline silica in SCBA is precent due to an uncontrolled incineration
process and the sand in the soil being taken inside the boiler together with sugarcane
bagasse (silica from sand is 4–10% [61]). Therefore, high amounts of quartz are present in
SCBA [6,14].

Other miner minerals that were identified via X-ray diffraction (XRD) analysis using
SCBA samples are mentioned as Calcite, Corundum, Hematite, Fluorite, Halite, Bornite,
etc. [42].

Air flow conditions during the calcination process also affect the morphology of SCBA.
It was identified that calcination without controlled air flow does not break down long
bagasse fibers and, as a result, the LOI value of such SCBA is relatively higher [62].

3.6. SCBA Characterization

A wide range of characterization methods have been utilized throughout the literature
to examine the microstructure and to identify the chemical compounds within SCBA, in-
cluding Scanning Electron Microscopy (SEM), Energy Dispersive spectroscopy (EDS), X-ray
Diffraction analysis (XRD), Thermogravimetric/Differential Thermal Analysis (TG/DTA),
Energy Dispersive X-ray (EDX), and Fourier-transmission infrared (FTIR). These studies
provided a better understanding of SCBA’s potential for improving concrete properties [4].

In Figure 3, Image (A)—[4] depicts pores in elongated oval-shaped particles, which
absorb water and oxygen. Image (B)—[31] depicts unburnt, carbon-rich fibrous particles.
Image (C)—[45] depicts filter bagasse ash prismatic particles from combustion fumes.
Image (D)—[47] depicts well-defined burnt flakes of SCBA. Image (E)—[55] depicts well-
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burnt flakes of SCBA. Image (F)—[63] depicts SCBA particles with lamellar aspect of
superimposed layers.

Figure 3. Microstructure of SCBA (source: (A)—[4], (B)—[31], (C)—[45], (D)—[47], (E)—[55], (F)—[63]).

From different characterizations, the presence of silica (SiO2) has been highlighted in
SCBA samples in both crystalline and amorphous phases. The roots of the sugarcane plants
absorb soil, which then facilitates the formation of silica within the plant body. Pathogenic
fungi that can potentially harm the plants are physically restricted from penetrating inside
the plant by silica and water transportation within the plants is also facilitated by silica [63].
Depending on how the bagasse is collected, some sand from the fields may enter the boiler
with the bagasse and the final SCBA material collected from the burner frequently contains
this crystalline silica material.

Gritsada Sua-iam et al. [15] investigated microstructural properties of SCBA samples
that were collected from an open dump site in Thailand. After drying, homogeneous
samples were prepared and, later, XRD analysis on SCBA samples indicated the presence of
quartz phases in SCBA. SEM images with ×1000 magnification confirmed the availability
of crystalline silica from particles with distinguishable sharp edges. A Malvern Instruments
Mastersizer 2000 particle size analyzer was used to analyze the particle size distribution of
SCBA, OPC, and lime stone (LS) samples. SCBA particles (107.9 μm) were substantially
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larger compared to OPC particles (23.32 μm), while LS particles (15.73 μm) were slightly
smaller than OPC.

Chidanand Patil et al. [20] carried out SEM and EDS investigations to analyze the
microstructure and chemical composition of SCBA in comparison to OPC. SEM images of
OPC revealed angular, irregular particles while EDS analysis indicated a high composition
of calcium, oxygen, and silicon, whereas analysis of four SCBA samples that were collected
from four different factories indicated unique characteristics compared to one another and
OPC. Particle density, crystallinity, porosity, and particle shape varied depending on the
source of the sample. Silicon, oxygen, and calcium were the predominant materials for all
four samples of SCB.

Mao-Chieh Chi [30] conducted microscopic investigations on SCBA samples processed
through a 900–1100 ◦C boiler and a no. 325 sieve. It was noted that SEM analysis presented
particles of irregular shapes, rough surface texture, and high porous characteristics. XRD
analysis provided evidence to confirm the presence of Silica (quartz), which was three-times
higher than the Silica concentration in the reference OPC sample. Exothermal peaks of
calcium silicate hydrate (C-S h) range between 115 and 225 ◦C, ettringite at 120–130 ◦C
and calcium hydroxide (CH) 430–550 ◦C. After conducting TG tests in a range of 115 ◦C
to 550 ◦C, it was observed that 10% SCBA substitution to cement provided mortar with
accelerated hydration after 56 days of curing.

An investigation carried out by Daniel Véras Ribeiro et al. [32] compared the effect
of calcination temperature on the pozzolanic activity of SCBA. Calcination temperatures
(500 ◦C, 600 ◦C, and 700 ◦C) were chosen based on the SCBA TG curve. The XRD peaks of
three samples indicated the presence of the amorphous silica phase and, from the samples
collected at 600 ◦C and 700 ◦C, the presence of calcium silicate and calcium aluminate
was observed, corresponding to the increased reactivity in SCBA. Density and grain size
differed for each calcination temperature, while surface area remained unchanged.

Jijo James et al. [44] studied the microstructure of SCBA and found that SEM images of
the samples consisted of well-defined burned flakes of bagasse. High temperatures inside
boilers preserved the structure of bagasse. Crystalline bulky grains and pyrolyzed organic
fractions were present in the microstructure. XRD analysis of SCBA indicated the presence
of quartz, cristobalite, and calcite.

Moisés Frías et al. [45] conducted an analysis on three different types of SCBA samples
(LBA—Laboratory Bagasse Ash, FBA—Filter Bagasse Ash, and BBA—Bottom Bagasse Ash)
that were calcined at different temperatures and exhibited more than 75% SiO2, Al2O3, and
Fe2O3 combined percentages. Similar characteristics were identified in the XRD spectrum
of three SCBA samples as well. Crystalline quartz is the major common component in the
samples. TG/DTA indicated that 0 to 1000 ◦C heating resulted in a maximum weight loss
in FBA while the minimum was in LBA. FTIR analysis aligned closely with the results from
other techniques, indicating the presence of amorphous or not very crystalline substances.
BBA and LBA analysis were very similar, while FBA had appreciable statistical differences
in substance content. Different particle morphologies were identified in three samples from
their SEM images as a result of the unique calcination process, from which each sample
was collected. Particles were coarse in nature while particle sizes varied in the order of
FBA < LBA < BBA. EDX analysis indicated that coarse particles were a result of quartz that
were mentioned in XRD curves.

A solid waste study by Jijo James et al. [47] explained the presence of both crystalline
and amorphous phases in the SCBA microstructure by using XRD patterns where peaks
had high intensities but an increase in 2-theta angle corresponded to lowering of intensities.
In SEM images of SCBA samples, charred remains of bagasse fibers were present, which
could have affected the intensity peaks of the XRD curve.

Frequently mentioned information in the literature about the microscopic structure of
SCBA is its pozzolanic property, unburnt particles, crystallinity, particle size, and shape,
which contribute to the characteristic mechanical properties of SCBA-incorporated concrete.
Relationships between the location of the SCBA samples and their microscopic properties

13



J. Compos. Sci. 2022, 6, 283

can also be identified. SCBA samples collected from exhaust gas flirtation systems indicate
better pozzolanic and microscopic properties to be used as binding materials.

3.7. Optimization of Mechanical Properties

Plenty of evidence for the productive use of SCBA in structural applications, such as
concrete, bricks, soil, and steel, is found in the literature [12,42,46,50,51,64]. The chemical
and microstructural properties of SCBA were utilized to explain the enhancement in
mechanical properties of samples that were prepared with SCBA.

3.7.1. Workability of Concrete

The ability to transport, place, compact, fill, and resistance to segregation is generally
defined as the workability of concrete. The common standard methods used to conduct
testing on concrete to investigate workability are (ASTM C 143), American Association
of State Highway and Transportation Officials (AASHTO T 119), or British Standards
(BS EN 12350-2) [65]. It is important that concrete possesses low flow resistance as well,
because this reduces safety issues, such as “white finger syndrome”, and minimizes ad-
verse environmental effects, including sound pollution, while concrete placement is being
performed [15].

Priyesh Mulye et al. [7] carried out research work by replacing OPC of grade 53 with
SCBA. Out of the concrete samples that were prepared with different SCBA percentages
by weight (0%, 5%, 10%, 15%, and 20%), test results indicated the workability of concrete
was increased significantly by 28% (slump increased from 70 mm to 90 mm) by replacing
cement up to 15% and 20% with SCBA, compared to that of concrete with 0% SCBA in
the mix.

As per the findings of R. Srinivasan et al. [43], it was observed that M20 grade concrete
samples with SCBA percentages of 5%, 10%, 15%, 20%, and 25% by weight displayed
higher slump values compared to the sample prepared with 100% OPC. In comparison to
the slump of a 0% SCBA sample (60 mm), the 25% SCBA sample had the highest slump of
230 mm, while all the other samples also displayed slump values above 60 mm. This was
noted as a clear indication of the positive effect SCBA has on the workability of concrete. It
was suggested that the reason for this effect could be the high surface area of SCBA, which
produced cement particles moistened with less water [66].

Sajjad Ali Mangi [67] conducted research work involving SCBA in M15 and M20 grade
concrete. Six samples were prepared by replacing OPC with SCBA in amounts of 5%, 10%,
and two control samples with 0% SCBA. It was observed that slump values of M15 grade
5%, 10% samples increased, respectively, by 15% and 28%, while the slump values of M20
grade concrete increased by 34% and 45%. It is recommended that use of super plasticizer
is not essential because the recorded slum values can be categorized into low and medium
degrees of workability.

3.7.2. Compressive Strength

One of the most important characteristics in concrete is its compressive strength
properties, which contribute to the load-bearing capabilities without the occurrence of
failure [67]. ASTM C109, BS EN 196-1, or AASHTO 106-02 are considered globally accepted
standard methods of testing.

According to the work performed by Priyesh Mulye et al. [7], compressive strength
enhancement can be achieved only up to a 15% partial replacement of SCBA. From the
five-sample set prepared with 0%, 5%, 10%, 15%, and 20% SCBA, it was discovered that
the sample with 15% SCBA has the highest average compressive strength compared to
reference samples. Compressive strength values of samples were enhanced with longer
curing periods, such that after 3 days of curing, compressive strength was increased by 6%,
after 7 days of curing, a minor decrease was noticed and, again, after 28 days, compressive
strength was enhanced by 2.1%. Samples with 20% SCBA in their composition indicated
that the amount of SCBA negatively affects compressive strength properties.
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Experimentation on SCBA by Pamela Camargo Macedo et al. [28] revealed that the
compressive strength of concrete increases from the incorporation of SCBA and data
from the research suggest that an enhancement in compressive stress occurs over longer
periods. From the five sets of samples, including the reference, 3%, 5%, 8%, and 10%
SCBA replacements, the highest values of compressive strength were recorded in the 10%
specimen. A 23.23% increase in compressive strength was recorded after 56 days of curing
for a 10% sample.

Prashant O Modani et al. [18] carried out research work with concrete samples pre-
pared with 0%, 10%, 20%, 30%, and 40% SCBA and they observed that samples with 10%
replacement had the highest compressive strength after 28 days of curing, Figure 4.

Figure 4. Compressive strength characteristic [18].

Mao-Chieh Chi [30] conducted research involving SCBA in mortars and his work
indicated that the compressive strength of samples prepared from OPC replaced with
10% SCBA was increased after a 56-day curing period. Other samples with 20% and 30%
replacements reduced their compressive strength compared to the control sample. It is
also mentioned that the particle size of SCBA has the potential to fill the voids in concrete
structures, which is associated with compressive strength enhancement.

T. Murugesan [31] et al. conducted research on the effects of SCBA and marble waste
on concrete. From the five samples that were prepared with different percentages of
SCBA, it was noticed that optimum compressive strength was achieved by the sample
with 10% SCBA in its microstructure. The 20% replacement specimen also exhibited
higher compressive strength than the control specimen, whereas the 30% SCBA sample
had reduced compressive strength after 28-day and 56-day curing periods. A comparison
of raw bagasse ash and sieved bagasse ash indicated that samples prepared with sieved
bagasse ash had a higher strength activity index after 7 days and 28 days of curing.

According to the findings of S.Sanchana sri et al. [33], compressive strength of M20-
grade concrete can be optimized by replacing OPC with 10% SCBA. Data indicated that
compressive strength was gradually decreased below the compressive strength of the control
specimen after 7 days and 28 days for the samples with 15% and 20% SCBA replacements.

Olubajo Olumide Olu et al. [37] investigated mortar with SCBA and observed that
replacing 5% of OPC with SCBA resulted in a sample with the highest compressive strength,
while samples with SCBA contents above 7.5% had lower compressive strength throughout
the 60-day curing period.

In other research carried out by Jijo James et al. [46], soil block samples with SCBA
and OPC were compared for their structural performance. It was noticed that 8% SCBA
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addition to the mix increased the compressive strength of soil blocks to 2.95 Mpa compared
to 0% SCBA blocks, which had a compressive strength just above 2.5 Mpa.

Findings by K. Ganesan [52] et al. indicated that the compressive strength of concrete
can be increased by replacing OPC with SCBA in a range of 5% to 20%. Samples with
percentage replacements of 25% and 30% did not illustrate any positive influence on
compressive strength. Maximum strength was attained when SCBA was added by replacing
10% OPC. Data were collected for a 90-day curing period and it was noticed that while
compressive strength is increased with curing time, the percentage that increased relative
to the control specimen was decreased for a 20% SCBA sample (see Figure 5).

Figure 5. Relative increase in compressive strength of 20% SCBA blended concretes [52].

Research by Sajjad Ali Mangi et al. [67] provides evidence of an increase in compres-
sive strength when SCBA is introduced by replacing 5% and 10% of OPC. The average
compressive strength of M15-grade concrete was increased by 10.1% for a 5% SCBA sample
and 4.8% for a 10% SCBA sample after 7 days of curing. The 5% SCBA sample of M20-grade
concrete enhanced its compressive strength by 21.9%, while the 10% replacement sample
had an increase of 12% after 7 days. A similar trend was observed with samples cured for
14 days and 28 days.

Noor-ul Amin [68] conducted research on concrete with SCBA and it was identified
that the compressive strength of concrete can be increased by adding SCBA as a replace-
ment to OPC in percentage amounts of 5%, 10%, 15%, and 20%. The optimum strength
corresponded to the sample prepared by adding 10% SCBA. This work also revealed that
the addition of 25% and 30% SCBA reduces the compressive strength below the values of
the reference sample.

In an experiment by Chandan Kumar Gupta et al. [69], cement mortar samples were
prepared with 0% to 25% SCBA replacements and the compressive strength of the 5%
SCBA sample was noticeably higher than the sample prepared with 100% OPC. It is
mentioned that samples with high percentages of SCBA indicated signs of very poor
bonding between the materials due to insufficient water supplied to the mortar. This agrees
with Noorwirdawati Ali et al. [70] who identified that introducing 20% of SCBA to be the
optimum cement replacement value in earth bricks provided the maximum compressive
strength and additional SCBA in 25% and 30% samples weakened the bond strength in
the bricks.

Furthermore, it is reported that lightweight concrete has a more significant enhance-
ment in its compressive strength when cement is partially replaced by SCBA in comparison
to other concrete grades [1].
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3.7.3. Split Tensile Strength

Tensile strength investigations of mortars from diametral compression were carried
out by Pamela Camargo Macedo et al. [28]. It was identified that 3% replacement of
OPC with SCBA was to be the optimal replacement content for enhanced tensile strength.
Samples with SBCA content above 3% had lower tensile strengths than the control sample
(see Figure 6).

 

Figure 6. Tensile strength by diametral compression [28]. (Translation: 7 dias is 7 days, 28 dias is
28 days, and 56 dias is 56 days).

Work by S.Sanchana sri et al. [33] revealed that the tensile strength of concrete can
be optimized by replacing 5% of OPC with SCBA. Compared to the control specimen, the
compressive strength of a 5% SCBA sample was enhanced by 4.5%.

R. Srinivasan et al. [43] investigated concrete and SCBA, which indicated that SCBA
can be effectively used in concrete up to 15% as a replacement for cement and the split
tensile strength of such samples was been improved. A 39.9% increase in tensile strength
was observed compared to that in the control sample for a sample with 5% SCBA in the mix.

Research and analysis by K. Ganesan [52] indicated that the slit tensile strength of
concrete can be increased by incorporating SCBA into the mix design. It was noticed
that replacing 15% of OPC with SCBA would optimize the tensile strength of concrete to
a maximum, while it is possible to add SCBA up to 20% and have the sample’s tensile
strength enhanced. The addition of SCBA further reduced the tensile strength of the
concrete samples (see Figure 7).

Figure 7. Splitting tensile strength of SCBA blended concretes at 28 days curing [52].
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Findings by Noor-ul Amin [68] indicated that the tensile strength of concrete can be
optimized by introducing 10% of SCBA to the mix. Compared with the control specimen,
tensile strength was increased above 11%. It can be identified that with additional SCBA
beyond 20%, tensile strength is considerably reduced.

The tensile strength of concrete with 20% SCBA in its composition increased to
4.81 MPa, whereas the value decreased to 3 MPa when the SCBA quantity was increased
above 25% [71].

An experiment conducted by D. Patel [72] produced M20-grade concrete samples with
enhanced flexural and split tensile strength properties after 28 days of curing with 10%
cement replaced by SCBA. It is observed that tensile strength is increased by 4.1% after
28 days of curing. Tensile strength decreased when SCBA content reached 15% or higher.

Selvadurai Sebastin [73] conducted extensive research on the split tensile strength
characteristics of mortars with SCBA. Eleven cylindrical and cubic sample sets with different
SCBA contents (0–25%) were tested and it was noticed that both cylindrical and cubic
samples have similar tensile strength characteristics. It is possible to identify data indicating
enhancements in tensile strength of the samples, but a clear relationship with percentage
SCBA and tensile strength cannot be identified.

Samples of M40-grade concrete prepared with reference to BIS: 10262-2009 (mix design
ratio 1:1.56:2.42) showed enhanced flexural and split tensile properties after the introduction
of SCBA to the mix (15% replacement) [13].

With the evidence available in the literature, it is emphasized that SCBA has physical
and chemical properties to positively influence the enhancement in mechanical properties
of concrete, mortar, soil, and brick materials. The pozzolanic characteristics of SCBA
provided a meaningful explanation for this behavior. Manipulation of SCBA particle size
and calcination temperature are mentioned as major parameters to be monitored in order
to improve pozzolanic activity.

3.8. Cost Optimization

The economical aspect of concrete with SCBA was analyzed by Priyesh Mulye et al. [7]
where they identified that normal concrete of grade M25 with mix design ratios
1:1.78:2.86 had a cost 12% more for 1 m3 of concrete compared to the cost of concrete
with 15% OPC replacement by SCBA, with the same mix design proportions.

Similar results were reported by Mangesh V. Madurwar et al. [74], where self-compacting
concrete with SCBA cost 35.63% less for ingredients compared to the control concrete, while
both had 34 Mpa in similar compressive strengths.

SCBA is often produced as a byproduct of the sugar industry, which has a very low
economic value. Therefore, in the above literature, the possibility of producing low-cost
concrete using SCBA as a partial replacement for OPC is mentioned while the final product
is capable of satisfying the standards of defined quality management systems.

3.9. Carbon Footprint Analysis

The contribution of CO2 to total global greenhouse gases stands out at 77%. The Earth
System Research Laboratory from the US National Oceanic and Atmospheric Administra-
tion measurements indicated that in 1980, the mean CO2 concentration was approximately
335 ppm, which later increased to 394 ppm in 2012. CO2 concentrations have risen to
414.72 ppm in 2021 (see Figure 8) [75].

To avoid a +3 ◦C temperature increase, the International Panel on Climate Change
announced that the global CO2 concentration has to be maintained below the level of
450 ppm [76]. It is also mentioned that the average cost for CO2 capture is in an estimated
range of EUR 20 to 50 per ton of CO2, without transportation and storage costs [77].

Several energy consumption rates and CO2 emission values are mentioned in the
literature for the production of a unit mass of concrete and cement. Such data are dependent
upon several factors, including the weather, production site conditions, transportation
distances, types of energy sources used, and the conditions of the plant equipment. Fossil
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fuel energy generation, approximately, gives rise to 80 g of CO2 per 1 MJ, while natural gas
based on 1 MJ only generates 55 g of CO2 [78].

 

Figure 8. Atmospheric CO2 amounts and annual emissions [75].

As far as the ordinary Portland Cement industry is concerned, cement is considered
one of the most widely used essential materials in construction, which simultaneously
contributes to 5–8% of annual global CO2 emissions [7,13,73]. The reports indicate that
approximately 1 kg of CO2 is released into the atmosphere in the process of manufacturing
1 kg of Portland clinker [79]. For 1 kg of cement clinker, around 0.55 kg of CO2 is generated
inside the cement kiln while the calcination process of cement is occurring [78].

According to reports, OPC’s 1 km long concrete pavement in China produced
8215.31 CO2e (carbon dioxide equivalent), with the concrete processing stage accounting
for 7.2% of the total emission [79]. The demand for OPC has been increasing and, as a result,
the environmental concerns have intensified. The Kyoto Protocol commitments also urged
the industry to move towards the implementation of clean development mechanisms [80].

Lightweight concrete blocks manufactured in Europe with 8–12% of cement additives
are responsible for the emission of 239.7 kg of CO2e for 1 kg of the product, while 1 kg of
precast concrete emits 120.5 kg of CO2e to the environment [81].

In an experiment carried out by Woubishet Zewdu Taffese et al. [82], it was identified
that concrete, hollow concrete bars, and reinforcement bars were the major energy con-
sumers and CO2 emitters in a sample of five multi-storied buildings. They consumed 94%
of the embodied energy while contributing to 98% of the CO2 emissions.

The high CO2 emissions in the cement and concrete industries are highlighted in the
literature. The cost of recovering from the adverse effects of CO2 is higher. Therefore,
research towards low-cost, sustainable alternatives to cement is a better way to solve
this problem.

3.10. Other Problems Affiliated with Sugar Industry

The world has identified the safe dumping of agricultural waste as another emerging
issue in the field of agriculture. With respect to the sugar industry, both sugarcane bagasse
and SCBA have the potential to cause adverse effects on the environment if they are dis-
carded without a proper method. Unburned matter and oxides, such as silicon, aluminum,
and calcium, have the potential to pollute soil, air, and water, posing environmental and so-
cial concerns. Harmful medical conditions can be observed in the lungs of factory workers
and the public around dump sites (chronic lung condition pulmonary fibrosis) if processing
and disposal of sugarcane bagasse ash are not conducted in a secure way [7].
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Utilization of SCBA in concrete as a partial replacement to OPC will potentially reduce
the amount of SCBA disposed to the environment. As a result, the aforementioned negative
effects will be mitigated to some extent.

4. Conclusions

• There are a number of factors that define the microstructural properties of SCBA,
including sugarcane variety, soil in the sugarcane fields, fertilizer, sugarcane collection
method, bagasse burning process, and bagasse ash collection method. In order to
obtain SCBA samples with sufficient pozzolanic activity, the burning process can be
controlled within the boilers.

• Post-treatment methods, such as grinding, sieving, and post heating, positively affect
the pozzolanic properties in SCBA and the parameters of such processes are directly
related to the quality of the final SCBA.

• Greenhouse gas emissions during OPC production can be reduced by utilizing SCBA
with suitable proportions in concrete. Since bagasse burning is generally conducted
while electricity generation is performed using bagasse as a biofuel, neither any
additional CO2 emission nor extra energy consumption is required during SCBA
synthesis. Controlled burning would reduce emissions and energy consumption
even further.

• The cost of concrete in large-scale construction can be minimized by replacing OPC with
suitable SCBA amounts while maintaining the required standards and specifications.

• From the information available in the literature, it can be concluded that SCBA has the
potential to be used as a partial replacement for OPC. The performance of concrete can
be enhanced while reducing the cost of cement as SCBA is available in high volumes.

• Future research can be conducted to identify other cement replacement
materials, which can be used together with SCBA in concrete. Their properties
and mix design parameters have to be major focus areas to develop low-cost, high-
performance concrete.

• SCBA from an individual source possesses unique chemical and physical properties.
Research can be carried out utilizing SCBA samples from various sugar manufacturing
plants inside Sri Lanka to identify their potential to be used as a cement replace-
ment material.
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Abstract: Structural cracks have serious repercussions on the safety, adaptability, and longevity
of structures. Therefore, assessing cracks is an important parameter when evaluating the quality
of concrete construction. As numerous cutting-edge automated inspection systems that exploit
cracks have been developed, the necessity for individual/personal onsite inspection has reduced
exponentially. However, these methods need to be improved in terms of cost efficiency and accu-
racy. The deep-learning-based assessment approaches for structural systems have seen a significant
development noticed by the structural health monitoring (SHM) community. Convolutional neural
networks (CNNs) are vital in these deep learning methods. Technologies such as convolutional
neural networks hold promise for precise and accurate condition evaluation. Moreover, transfer
learning enables users to use CNNs without needing a comprehensive grasp of algorithms or the
capability to modify pre-trained networks for particular purposes. Within the context of this study, a
thorough analysis of well-known pre-trained networks for classifying the cracks in buildings made of
concrete is conducted. The classification performance of convolutional neural network designs such
as VGG16, VGG19, ResNet 50, MobileNet, and Xception is compared to one another with the concrete
crack image dataset. It is identified that the ResNet50-based classifier provided accuracy scores of
99.91% for training and 99.88% for testing. Xception architecture delivered the least performance,
with training and test accuracy of 99.64% and 98.82%, respectively.

Keywords: transfer learning; crack detection; concrete wall; convolutional neural network; structural
health monitoring

1. Introduction

Many buildings have reached their design life expectancy; therefore, it is critical to
safeguard the facilities/amenities through routine maintenance. Extensive research has
been conducted in order to improve the performance of concrete and thus the health of
structures [1,2]. The concrete’s structural integrity is severely affected by the development of
cracks, increasing the risk of failure or collapse in buildings and structures. Crack inspection
is an important but tedious maintenance task for buildings and other infrastructures. Cracks
reduce the load-bearing capacity of the structural elements and accelerate the damage level.
Cracks in concrete adversely affect durability by reducing the lifespan of the buildings.
Cracks can create distress for the occupants and impair the building’s appearance.

When the crack inspection is executed manually, the work becomes time-consuming,
labor-intensive, and necessitates skills. Crack monitoring and digital image processing are
viable alternatives for visual inspections [3]. Although digital image processing-based tech-
nologies have largely been successful, “false positive” results occur occasionally. Therefore,
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a comprehensive automated crack monitoring system must be enabled to identify cracks
from surface images that contain natural cracks or non-cracks that appear to be natural
cracks [4,5].

Studies have been conducted in masonry structures, along with crack modelling and
crack pattern identification by using numerical models and finite element analysis [6–8].
Tan et al. [9] studies the possibility of using distributed sensing technology to detect, locate,
trace, quantify, and visualize the crack using fiber optic sensors. Kim et al. [10] proposed a
crack identification strategy combining RGB-D and sensors that measure cracks regardless
of the angle of view. The authors have deployed high-resolution digital cameras as sensors.

Many technologies based on computer vision (CV) and artificial intelligence (AI) have
evolved to help automate the process [11,12]. Machine learning (ML) is a subset of AI-based
techniques that many researchers have used to detect cracks on concrete surfaces. For crack
detection, various ML methods such as support vector machines (SVM), Bayesian decision
trees (BDT), and random forests (RF) are used.

Traditional ML methods include SVM, artificial neural networks (ANN) [13–15], and
RF [16]. Even though these algorithms reduce false positives, their accuracy is still hugely
dependent on crack features obtained through specific image processing steps. A pre-
defined feature extraction stage in all these methods necessitates an additional image
processing stage to make the patterns clearer to the learning algorithms. It also has a
negative impact on the model’s performance. Another disadvantage of ML methods is that
the learning algorithms cannot learn higher-order features with complex information in
the dataset.

Deep learning (DL) is a promising technology for addressing the issues associated with
handcrafted feature extraction. Deep learning is a branch of ML that uses neural networks
as a framework for its algorithms. DL techniques include auto encoders (AEs), deep belief
networks (DBNs), deep Boltzmann machines (DBMs), recurrent neural networks (RNNs),
and convolutional neural networks (CNNs) [17]. CNNs are critical among DL methods,
which are primarily used to analyze image-based data [18]. Many datasets are utilized
to train CNNs for different types of damage and fault diagnoses. Non-contact sensors’
capabilities are enhanced by using trained networks to build autonomous structural health
monitoring (SHM) systems [19].

Concrete crack detection DL models can be administered in various health monitoring
scenarios to identify and locate cracks in concrete structures. The practical and feasible
applications of concrete crack detection DL models are building inspection, infrastructure
maintenance, construction quality control, historical preservation, etc. Therefore, concrete
crack detection DL models yield an effective and efficient way to identify cracks in con-
crete structures, helping to prevent accidents, improve safety, and ensure the prolonged
endurance of critical infrastructure.

Laxman et al. [20] developed a binary-class convolutional neural network (CNN)
model which automatically detects the crack on concrete surfaces. They also interface
the CNN model, combining the convolutional feature extraction layers with that of the
regression models such as Random Forest and XG-Boost, resulting in automatic predictions
of the depth of cracks. This experimental study was validated on reinforced concrete slabs.
Apart from concrete cracks, many studies have been carried out on road surface damage.
Xu et al. [21] demonstrated the advantage of combining Faster R-CNN and Mask R-CNN in
detecting road pavement cracks. The limitations of the architecture was degradation in the
effectiveness of the bounding box detected by Mask R-CNN. Huyan et al. [22] proposed a
new architecture called CrackU-net that achieved pixel-wise crack detection. It was found
that the proposed model outperformed traditional U-Net and fully convolutional neural
networks (FCN).

The primary design concept of CNNs’ architecture is to deploy successive convolu-
tional layers to the input, resample the spatial dimensions while increasing the number
of feature maps, and then repeating it. These architectures serve as rich feature extractors
for image classification, object recognition, image segmentation, and other more laborious
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tasks. AlexNet, VGG16, ResNet, MobileNet, Inception, and Xception are illustrations
of CNN architectures that have been widely used as classifiers and segmenters. Many
CNN-based deep learning models rely on these networks [23–25].

Contemporary studies make use of transfer learning mechanisms. The term “transfer
learning” (TL) commonly refers to a procedure in which a model is developed primarily
for one particular problem and then utilized in some capacity for secondary problems.
Because it directly integrates pre-trained models into feature extraction preprocessing and
comprehensive new models, this method is adaptable. It has the advantage of reducing
neural network model training time, resulting in fewer generalization errors [26,27].

Figure 1 compares traditional DL models to that of models based on TL. The basic
idea behind TL models is that the architecture can be reused as it is pre-trained on similar
datasets. The TL can be used in two different ways: one is reusing the network structure,
and the other reusing both the network structure and weights by either retraining only
a few layers, retaining all layers, or adding a few layers on top. The idea behind image
classification TL techniques is that if a model is trained and tested on a large and diverse
dataset, the model will successfully obtain a critical visual overview of distinct features
or attributes. This method has been widely used in the semantic segmentation and image
classification stages of crack detection [28]. The significance and importance of TL is that
it substantially mitigates the usage of huge datasets for training, as its pre-defines or pre-
trained models show promising results due to its handling of huge datasets, for example
the ImageNet dataset.

Figure 1. (a) Traditional deep learning model (b) Transfer learning-based deep learning model.

TL models have been used in various types of research. Su and Wang [29] compare
the performances of the architectures MobileNetV2, DenseNet201, EfficientNetB0, and
InceptionV3 for crack detection on concrete. It was discovered that EfficientNetB0 was effi-
cient in terms of performance and generalization. Dung and Anh [30] used VGG-16 as the
foundation of a fully convolutional neural network for crack classification. Zhong et al. [31]
used an improvised variant of VGG16 for concrete pavement crack detection. TL techniques
have been combined with fine-tuning procedures to achieve high accuracy in pre-trained
models. Sun et al. [5] used the Xception architecture’s pre-trained weights and biases to
detect cracks and holes in concrete surfaces. Joshi et al. [32] used the ResNet50 architecture
and a segmentation-based approach to detect cracks. Doğan and Ergan [33] used MobileNet
architecture as a backbone for pixel-wise crack detection in lightweight mobile applications.

The backbone framework in most architectures is VGG16, ResNet, MobileNet, and
Inception or Xception networks, with some fine tuning [24]. This study compares the most
commonly used CNN architectures in order to determine the accuracy of these networks in
classifying crack and non-crack concrete surface images. For TL, the pre-trained weights of
the VGG16, ResNet50, MobileNet, and Xception architectures are used. For all architectures,
the dataset used for classification is similar. Thus, TL takes less duration than building a
network from the ground up. The availability of datasets is greatly reduced because all the
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networks are trained in classifying the 1000 different object categories that we encounter on
day-to-day basis.

This study is executed in such a way that different types of DL models were compared
for classifying and identifying cracks in concreate structures by implementing pre-trained
architectures such as VGG16, VGG19, ResNet50, MobileNet, and Xception. Sizable concre-
ate image datasets were used for validating and training these frame works.

Conducting research such as this contributes immensely to the progressive develop-
ment of DL methods for structures in multitudinous ways. Primarily, the study proposes
an effective approach for the automatic detection and classification of cracks in concrete
surfaces using transfer learning methods, which saves time and reduces the need for man-
ual inspection. Moreover, as all the architectures used in this study were already trained on
thousands of image datasets, the need for new image datasets is also reduced. Secondly, it
provides a critical comparison of different transfer learning frameworks that can be used as
feature extraction or backbone architecture, depending on the availability of memory and
time, which will be beneficial for future research in this area.

This analysis demonstrates the viability and potential of DL methods in scrutiniz-
ing the varied and complex structural data, resulting in progressive development, and
extending the application of these models in other structural assessment areas. These
models could help in determining the efficacy of categorizing and localizing different types
of cracks, spalls, and other flaws in concrete buildings in natural settings by potentially
automating the damage detection process.

The findings of this study will assist researchers in developing new technologies for
efficiently maintaining the service life of infrastructures using unmanned aerial systems,
automation systems for infrastructure monitoring by deploying various sensors such as
high-resolution cameras, LIDAR systems, etc., and in the enhancement of SHM systems for
constant monitoring of the serviceability and maintainability of infrastructures, thereby
reducing costs [34–37].

This paper emphasizes the suitability of existing DL convolutional models for TL
strategies. Previous research conducted by various researchers primarily focused on
various topologies for classification and segmentation tasks based on these backbone
models. This study compares and contrasts various backbone architectures to provide a
comprehensive picture of the best backbone model, or TL model, to use when developing
new systems for detecting and analyzing the formation of concrete cracks.

2. Methodology

The framework for comparing different CNN models is depicted in Figure 2. The
datasets consist of raw images taken from residential buildings and datasets available
online in data repositories. In this study, CNN models employ TL techniques to detect
concrete surface cracks. The different models considered in this study are VGG16, VGG19,
ResNet50, MobileNet, and Xception. The model’s weight is learned on ImageNet, saved,
and then applied to the models. As a result, the model has a higher starting point, sub-
stantially cutting training time and achieving improved performance. To be suitable for
crack classification, the pre-trained CNN model must be retrained to find concrete surface
cracks. On a sizeable dataset, a pre-trained model has already been trained and preserved;
furthermore, the final fully connected layer of the original model is replaced by a new, fully
connected layer. The steps of the experiment are outlined below.

TensorFlow is used to change the size of image datasets before training the model. The
datasets are then loaded batch-wise and randomly for further operations. The structure of
the crack detection model is then defined by loading and refining the pre-trained model.
The final layer with complete connectivity is replaced with a bespoke layer. The number of
classes in the custom layer has been set to 2, as per this investigation’s pre-requisites. The
weight values of other layers did not change. The model is then compiled and trained using
the datasets. Before training the model, the network’s structure-related hyperparameters
are specified, and the optimal optimization technique is chosen. In this study, model
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training is guided by the adaptive-learning-rate optimization method Adam, and the cross-
entropy loss function. After completing the training procedure, the model’s performance is
validated. The test dataset was then used to evaluate the model.

Figure 2. Framework for comparing different CNN models for classification of cracks.

2.1. VGG16

VGG16 is a convolutional neural network for classification and object detection pur-
poses [31,38,39]. It is widely used for classifying images, and is uncomplicated to employ
with transfer learning. It has 16 convolutional layers and 64 feature kernel filters, each
measuring 3 × 3 pixels, making up the first and second convolutional layers. The input
image’s dimensions change to 224 × 224 × 64 as it is passed through the first and second
convolutional layers (an RGB image with a depth of 3). The output is then sent to the
maximum pooling layer with a stride of 2. The third and fourth convolutional layers are
124 feature kernel filters, and the filter size is 3 × 3. A maximum-pooling layer follows
these two layers with stride 2, and the resulting output was reduced to 56 × 56 × 128. The
fifth, sixth, and seventh layers are convolutional layers with a kernel size of 3 × 3. All three
layers used 256 feature maps. A maximum pooling layer with stride 2 follows these layers.
Eighth to thirteen are two sets of convolutional layers with a kernel size of 3 × 3. All these
sets of convolutional layers had 512 kernel filters. A maximum-pooling layer follows these
layers with a stride of 1. Layers fourteen and fifteen are fully connected to the hidden layers
of 4096 units, followed by a softmax output layer (sixteenth layer) of 1000 units. Figure 3
shows the schematic diagram of the VGG16 architecture.

2.2. ResNet-50

The residual neural network (ResNet) proposed by He et al. [40] won the ImageNet
Large Scale Visual Recognition Challenge (ILSVRC 2015). ResNet implemented residual
connections between layers, which aids in mitigating the loss, preserving knowledge
gain, and enhancing performance during the training phase. A residual link in a layer
indicates that a layer’s output is a convolution of its input and output. Figure 4 depicts
a block schematic of the architecture of the ResNet model. A convolutional layer with
a 7 × 7 kernel size and 64 different kernels makes up the first layer. The following layer
is the maximum pooling layer. The following convolution layers consist of 1 × 1-sized
kernels with 64 kernels, 3 × 3-sized kernels with 64 kernels, and 1 × 1-sized kernels with
256 kernels. There will be nine layers after repeating this layer thrice. The following are
convolution layers with sizes of 1 × 1, 3 × 3, and 1 × 1 with 128, 512, and 128 kernels,
respectively. This is repeated about four times to get a total of 12 layers. A convolution layer
of 1 × 1 size follows this with 256 kernels and two additional kernels of 3 × 3, 256, and
1 × 1, 1024, repeated six times for a total of 18 layers. Finally, a layer of 1 × 1, 512 kernels,
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with two additional kernels of 3 × 3, 512, and 1 × 1, 2048, was repeated three times for a
total of nine layers. Following that, average pooling concludes with a fully connected layer
with 1000 nodes, and a softmax function adds another layer. In total, there were 50 layers.

Figure 3. Block schematic of the VGG16 architecture.

Figure 4. Block diagram of the ResNet-50 architecture.

2.3. MobileNet

MobileNet is a model primarily developed for use in mobile apps. MobileNet uses
depth-wise separable convolutions. It dramatically decreases the number of parameters
compared to that of networks with standard convolutions of the similar depth. Thus,
lightweight deep neural networks are produced. The depth-wise separable convolution
is accomplished by depth- and point-wise operations, making it suitable for embedded
applications. The depth-wise convolution filter produces a single convolution on each input
channel, whereas the point convolution filter linearly combines the depth-wise convolution
output with 1 × 1 convolutions. MobileNet’s architecture is illustrated in Figure 5 [41].
The depth-wise convolution filter produces a single convolution on each input channel,
whereas the point convolution filter linearly combines the depth-wise convolution output
with 1 × 1 convolutions, in the figure the depth wise separable convolution is highlighted
in blue color which consist of point wise and depth wise layers. The average pooling layer
is colored in red which is further directed to a fully convolution layer. The computational
speed is advantageous in pointwise and depth-wise convolution [42].
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Figure 5. MobileNet architecture.

2.4. Xception

The Xception architecture is a variation of the Inception architecture that only employs
depth-wise separable convolutional layers. Figure 6 displays Xception’s architecture,
which may be seen as a linear stack of depth-separable convolutional layers. The Xception
architecture comprises of 36 convolutional layers organized across 14 modules with residual
connections. The data flows through the input, the middle flow is then repeated about eight
times, and the exit flow enters the Xception architecture. Batch normalization comes after
all convolutional and separable convolution layers, which is not shown in the diagram. A
depth multiplier of one is used for all separable convolution layers [43].

Figure 6. Architecture of Xception.
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3. Details of the Experiment

The details of the experiment to classify cracked and non-cracked images are presented
herewith. The experiments were conducted in two different stages: in the first stage, the
models VGG16 and VGG19 were compared to analyze their performances. In the second
stage, the VGG16 model was compared with the pre-trained models ResNet50, MobileNet,
and Xception. All the pre-trained models were tested to determine which would generalize
and perform better regarding the crack information contained in the image dataset.

3.1. Datasets

The database combines images in data repositories such as SDNET 2018 [23], Chun-
data [44–46], and the data captured from residential buildings. The dataset was divided into
two sets: positive images (cracked) and negative images (non-cracked). They were kept in
separate folders named cracked and non-cracked, each containing 11,000 and 11,000 images,
respectively, in RGB format. In total, 4400 images were used exclusively for testing and
not for training. Sample images of cracked and non-cracked concrete walls are shown in
Figure 7. The datasets were separated into training (80%) and testing (20%). Once again, the
data was divided into training and validation data sets, as shown in Figure 8. The training
dataset is the sample of data utilized to fit the model. The validation dataset is the sample
used to offer an impartial evaluation of a model’s fit to the training dataset while setting
the hyperparameters of the model. As the validation dataset skill was added to the model
design, the evaluation of the model started increasing. The test dataset is the data sample
used to provide an unbiased evaluation of the final model’s fit to the training dataset.

Figure 7. (a) Cracked concrete wall images (b) Non-cracked concrete wall images.
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Figure 8. Dataset distribution.

3.2. Implementation Details

Python 3, the sklearn module, and the Keras neural network library, which contain
the architecture and weights of VGG16, ResNet50, MobileNet, and Xception, were used
to build the convolutional neural network. The experiments were performed in Google
Colab. The target size was 100 × 100, the class mode was binary, the batch size was 64,
and Adam, with an initial learning rate of 0.001, was used as the optimizer. The Adam
optimization method employs stochastic gradient descent and adaptive estimation of
first- and second-order moments. It is suitable for many data items and parameters since
it is computationally efficient, memory-light, and invariant to the diagonal rescaling of
gradients [47]. The maximum epoch was set to be 20. Table 1 shows the hyperparameter
settings for each model.

Table 1. Hyperparameters used for training.

Parameter Training

Initial learning rate 0.001
Batch size 64
Optimizer Adam
Number of epochs 20
Steps per epoch 275

3.3. Performance Metrics

To examine the model’s performance, evaluation metrics were needed. The model
was accessed using precision, accuracy, recall, and F1 measures. Equations (1)–(4) show
the accuracy, precision, recall, and F1 measures, respectively. Accuracy refers to the ratio
of correct predictions to the total number of input images. Precision is the ratio of correct
positive predictions to the total number of positive predictions. The recall is the proportion
of accurate positive predictions compared to the total number of true positives. The F1
measure is the weighted harmonic mean of precision and recall [48].

Accuracy =
true positive + true negative

true positive + true negative + f alse positive + f alse negative
(1)

Precision =
true positive

true positive + f alse positive
(2)
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Recall =
true positive

true positive + f alse negative
(3)

F1 =
2 × precision × recall

precision + recall
(4)

The classification report visualizer displays the model’s precision, recall, F1, and
support scores. A classification report is then used to evaluate the accuracy of a classification
algorithm’s predictions. The metrics of a classification report are assessed using true
positives, false positives, true negatives, and false negatives [49].

4. Results and Discussion

This section summarizes the results of the trained networks used to categorize images
using TL. The pre-trained models are assessed to determine which one would generalize
and provide optimum results in the dataset images.

4.1. Comparison on VGG16 and VGG19 Architecture

In the first stage, VGG16 architecture is compared with that of its contemporaries,
VGG19. All the hyper-parameters are set as given in Table 1, and it is found that the VGG16
architecture gave a test accuracy of 99.61% whereas VGG19 provided a test accuracy
of 99.57%. Furthermore, the training duration was comparatively longer for VGG19
architecture, which was about 2.07 h. Sample datasets for the classification results of test
images by the VGG16 and VGG19 architectures are shown in Figures 9 and 10, respectively.
The model accuracy and loss of VGG19 is shown in Figure 11.

Figure 9. Sample classification result on test images by the VGG16 architecture.
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Figure 10. Sample classification result on test images by the VGG19 architecture.

Figure 11. Accuracy and loss curves of VGG19 architecture.

The comparison of the VGG16 and VGG19 models on training losses and training
accuracies is provided in Figure 12a,b. Similarly, the comparison of the VGG16 and VGG19
models on validation loss and validation accuracy is provided in Figure 12c,d. It can be
seen that the VGG19 architecture attained stability in validation accuracy a few epochs
before the VGG16 architecture, which is an advantage of the network. The VGG16 model
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takes a few more epochs to settle down. However, considering the results of test accuracy
and training duration, one can choose VGG16.

Figure 12. (a) Training loss of VGG16 and VGG19 (b) Training accuracy of VGG16 and VGG19
(c) Validation loss of VGG16 and VGG19 (d) Validation accuracy of VGG16 and VGG19.

4.2. Comparison on VGG16, ResNet50, MobileNet and Xception Architectures

The second comparison was made on the VGG16, ResNet50, MobileNet, and Xception
architectures. The hyper-parameter details are the same as those mentioned in Table 2.
A classification matrix is used to evaluate the models. For a balanced dataset, accuracy
can be a good measure. Still, in the case of imbalanced datasets, precision, recall, and F1
measures need to be validated to measure the performance of the models. In applications
where it is not critical to identify all positive samples, a high degree of precision over recall
is acceptable; if precision exceeds recall, “false negatives” outnumber “false positives”.
The recall measures the maximum number of “true positives”; in this case, there are only
negligible “false negatives” rather than “false positives”. The F1 metric is the harmonic
mean of precision and recall. In each of these metrics, one value indicates optimal perfor-
mance [50]. Support is the number of images belonging to that particular class used to
measure the metrics.

Table 2. Details and training accuracy of networks.

Network Test Loss Training Accuracy No. of Epochs Best Epoch

VGG16 0.00923 99.71% 20 11
VGG19 0.01592 99.67% 20 9

ResNet50 0.00073 99.91% 20 7
MobileNet 0.02300 99.72% 20 12
Xception 0.08611 99.64% 20 9

The training time taken for VGG16 was high compared to that of other architec-
tures [38]. All the models gave more than 99% training accuracy results, as it was only a
binary classification problem [51]. It was found that out of the four models, ResNet50, Mo-
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bileNet, and VGG16 produced optimum results, 99.88%, 99.68%, and 99.61%, respectively,
in terms of accuracy, on testing data. It was also found that the test accuracy was high for
the ResNet50 architecture, followed by the MobileNet, VGG16, and Xception architectures.

The details and training accuracy of the models are mentioned in Table 2. Table 2
shows that the test loss was less for ResNet, followed by VGG16, MobileNet, and Xception
architectures, which tells how well the architectures behave after each optimization iteration.
Even though the MobileNet architecture training accuracy was 99.72%, the classification
report shows that the precision, recall, and F1 metrics are lower than those of the VGG16
and ResNet50 architectures.

The statistical outcomes of the networks are displayed in Table 3. The measures ensure
that the pre-trained architectures VGG16, VGG19, and ResNet50 accurately classified the
crack images; only MobileNet and Xception gave some false negatives and false positives.
From the statistical results mentioned in Table 3, it was clear that VGG16, VGG19, ResNet50,
and MobileNet have a recall rate higher than the precision, showing the models have fewer
“false negatives”, which is necessary to identify the concrete cracks. In the Xception model,
precision exceeded recall, indicating that the number of “false negatives” is greater than
the number of “false positives”.

Table 3. Statistical outcomes of the concrete cracks (crack or intact).

Architecture Class Precision Recall F1 Support

VGG16 Negative 1.00 0.99 1.00 2197
Positive 0.99 1.00 1.00 2203

VGG19 Negative 1.00 0.99 1.00 2197
Positive 0.99 1.00 1.00 2203

ResNet50 Negative 1.00 0.99 1.00 2197
Positive 0.99 1.00 1.00 2203

MobileNet Negative 0.99 0.99 0.99 2197
Positive 0.99 0.99 0.99 2203

Xception Negative 0.98 0.99 0.98 2197
Positive 0.99 0.98 0.98 2203

The sample classification results from the test data are provided in Figure 13. The
classification results for MobileNet and Xception in Figure 13c,d show that both architec-
tures performed comparatively worse than others. It was noticed that the MobileNet and
Xception architectures could not identify small cracks and images with crack-like features
or background irregularities. The architectures misclassified crack-like features as a crack,
which is a false positive, and those datasets with hairline cracks were not identified as
cracks, which are the false negatives. Figure 14 is a breakdown of the training duration for
each model. ResNet50, MobileNet, Xception, VGG16, and VGG19 architectures have rela-
tive training times of 34 min, 35 min to 38 s, 43 min to 44 s, 1.98 h, and 2.077 h, respectively.
Due to the increase in the number of layers in the design, the training time for VGG19
was longer than that for VGG16, and it was much longer when compared to ResNet50 as
illustrated in Figure 14 [52].

Model accuracy and loss are depicted in Figures 15–18 for the VGG16, ResNet50, Xcep-
tion, and MobileNet architectures, respectively. These graphs show that all models, except
for the Xception architecture, could appropriately learn the features. In Xception, it was
discovered that validation accuracy and loss fluctuate, demonstrating the network’s inca-
pacity to easily fit the model during hyperparameter tuning. The response can be enhanced
by fine-tuning the hyperparameters, which may increase the model’s performance.

The training loss and accuracy—as well as the validation loss and accuracy—of all
the architectures are depicted in Figure 19, which replicates Figures 15–18. The test data
sets yielded better results. The accuracy of these classifications was higher than 98%.
Therefore, deep learning classifiers could detect and categorize cracks, resulting in strong
and dependable models using transfer learning. In addition to the accuracy metric, the
evaluation metrics associated with classification tasks are shown in a classification report
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alongside the accuracy metric. Table 3 displays the report’s key points. The models
accurately categorize photos of cracked and uncracked concrete. The classification report
demonstrates that the model evaluated the validation set effectively.

Figure 13. Cont.
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Figure 13. Classification result of test images (a) VGG16 (b) ResNet50 (c) MobileNet (d) Xception.
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Figure 14. Time taken for training.

Figure 15. Accuracy and loss curves of VGG16 architecture.

Figure 16. Accuracy and loss curves of ResNet50 architecture.
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Figure 17. Accuracy and loss curves of Xception architecture.

Figure 18. Accuracy and loss curves of MobileNet architecture.

Figure 20 compares the training and testing accuracy of all models considered in
this study. The lack of variation in training and test accuracy suggests that the network
may learn the features accurately. Because it has the highest training and testing accuracy,
ResNet50 is ideal for identifying cracked images using deep learning models. Furthermore,
the duration was much lower than for VGG16 and VGG19, despite having nearly the same
precision, recall, and F1 scores. VGG16 and MobileNet have comparable training and
testing accuracy. When time and complexity are not factors, the VGG16 is the cutting-edge
network for classifying cracks on concrete wall images. However, when deploying mobile
applications where time and complexity are constraints, the MobileNet architecture will pro-
vide nearly equal performance to VGG16 [48]. When compared to the other architectures,
the performance of the Xception architecture was found to be inferior to others.

Deep learning models have several advantages over traditional machine learning
models, but large data sets are still required. Transfer-learning approaches, in which
the weights of pre-trained models trained on multiple datasets are used to transfer their
knowledge when accessing new datasets, can reduce this to a greater extent. This research
will help researchers identify the backbone network for classification networks and other
hybrid architectures [30,39,53]. Five pre-trained models were tested and analyzed in
this study. Model performance was assessed using the classification report metrics. The
ResNet50 model outperformed the other four pre-trained models.
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Figure 19. (a) Model accuracy (b) Model loss (c) Validation loss (d) Validation accuracy.

The distance at which the image is captured and its resolution become critical consid-
erations in real-time approaches that use an autonomous vehicle to collect the image. In
this investigation, raw photos were taken with a high-resolution camera, and the crack was
visible to the naked eye.

4.3. Challenges in Deep Learning-Based Crack Classification of Concrete Walls

In this study, deep learning models are employed to classify cracks in concrete walls.
However, the limited availability of datasets and the time-consuming process of labeling
them can affect the accuracy and generalization of the models. To enhance the models’
generalization capability, the models need to be trained on a wider range of datasets that
reflect real-world environments with different lighting, moisture, and other conditions.
Additionally, hyperparameter tuning is another challenge that requires time and effort, and
there is no universal solution for it.
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Figure 20. Comparison of training and test accuracies of all five architectures.

5. Conclusions

The traditional methods of detection and classification of cracks on different concrete
structures take time, which is also labor-intensive and expensive when conducted manually.
Therefore, automated study of damage in concrete structures is necessary for early diagnosis
of the structures and for extending their service life. This study investigates the application
of pre-trained deep learning networks for crack detection and classification.

In this paper, different backbone deep learning approaches were verified for automati-
cally classifying concrete cracks. VGG16, VGG19, ResNet50, MobileNet, and Xception are
the architectures considered.

• In the first stage, the performance of the VGG16 and VGG19 architectures was evalu-
ated by comparing their results.

• It is ascertained that the VGG16 obtained a test and training accuracy of 99.61% and
99.71%, respectively, whereas the accuracy of the VGG19 was 99.57% and 99.67% for
test and training accuracy, respectively.

• The speed and precision of VGG16 architecture were both better than those of
VGG19 architecture.

• Secondly, the crack classification capabilities of the VGG16, ResNet50, MobileNet, and
Xception architectures were evaluated. The ResNet50 architecture performed better
than the other three architectures, with a test accuracy of 99.88%, and it required less
training time than the other architectures, except for MobileNet.

• The training time for MobileNet was less than all other pre-trained models considered
in this study.

• When compared to other architectures, the Xception architecture performed the worst.
Furthermore, the generalization capability of the Xception architecture was less when
compared to the other pre-trained models.

• Since the problem under examination was a binary classification problem, all models’
accuracy was high, with an average test accuracy variation of only 0.22%.

42



J. Compos. Sci. 2023, 7, 169

Due to the low-level traits that cracks and other objects share with more abstract
features, pre-trained networks had a high degree of applicability toward the identification
of cracks, even when trained on wholly different datasets. It was found that the features
acquired through the training are highly accurate when applied to other materials. Pre-
trained networks are a good choice for deploying CNNs for the crack detection task, since
they require fewer training samples and have a faster convergence rate.

Future attention will be placed on determining the efficacy of these structures in
categorizing and localizing different types of cracks, spalls, and other flaws in concrete
buildings in natural settings, which could automate the damage detection process.
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50. Bush, J.; Corradi, T.; Ninić, J.; Thermou, G.; Bennetts, J. Deep Neural Networks for Visual Bridge Inspections and Defect
Visualisation in Civil Engineering. In Proceedings of the EG-ICE 2021 Workshop on Intelligent Computing in Engineering, Berlin,
Germany, 30 June–2 July 2021; pp. 421–431.

51. Manjurul Islam, M.M.; Kim, J.M. Vision-Based Autonomous Crack Detection of Concrete Structures Using a Fully Convolutional
Encoder–Decoder Network. Sensors 2019, 19, 4251. [CrossRef]

52. Paramanandham, N.; Koppad, D.; Anbalagan, S. Vision Based Crack Detection in Concrete Structures Using Cutting-Edge Deep
Learning Techniques. Trait. du Signal 2022, 39, 485–492. [CrossRef]

53. Asadi, E.; Xu, C.; Rao, A.S.; Nguyen, T.; Ngo, T.; Dias-da-costa, D. Automation in Construction Vision Transformer-Based
Autonomous Crack Detection on Asphalt and Concrete Surfaces. Autom. Constr. 2022, 140, 104316. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

45



Citation: Durairaj, R.; Varatharajan,

T.; Srinivasan, S.K.; Gurupatham,

B.G.A.; Roy, K. Experimental

Investigation on Flexural Behaviour

of Sustainable Reinforced Concrete

Beam with a Smart Mortar Layer. J.

Compos. Sci. 2023, 7, 132. https://

doi.org/10.3390/jcs7040132

Academic Editor: Francesco

Tornabene

Received: 9 February 2023

Revised: 11 March 2023

Accepted: 20 March 2023

Published: 23 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Experimental Investigation on Flexural Behaviour of Sustainable
Reinforced Concrete Beam with a Smart Mortar Layer

Ramkumar Durairaj 1, Thirumurugan Varatharajan 2,*, Satyanarayanan Kachabeswara Srinivasan 2,

Beulah Gnana Ananthi Gurupatham 3 and Krishanu Roy 4,*

1 Research Scholar, Department of Civil Engineering, SRMIST, Kattankulathur 603203, India
2 Department of Civil Engineering, SRMIST, Kattankulathur 603203, India
3 Department of Civil Engineering, College of Engineering Guindy Campus, Anna University,

Chennai 600025, India
4 School of Engineering, The University of Waikato, Hamilton 3216, New Zealand
* Correspondence: assocdirector.cl@srmist.edu.in (T.V.); krishanu.roy@waikato.ac.nz (K.R.)

Abstract: This paper deals with an experimental study of the flexural behavior of sustainable rein-
forced cement concrete (RCC) beams with a smart mortar layer attached to the concrete mixture.
In total, nine RCC beams were cast and tested. Two types of reinforced concrete beams were
cast, and three different beams of sizes 1000 × 150 × 200 mm and six different beams of sizes
1500 × 100 × 250 mm were considered. The flexural behavior of these RCC beams was studied in
detail. The electrical resistivity of these beams was also calculated, which was derived from the smart
mortar layer. Research on the application of smart mortars within structural members is limited. The
experimental results showed that the smart mortar layer could sense the damage in the RCC beams
and infer the damage through the electrical measurement values, making the beam more sustainable.
It was also observed that the relationship between the load and the fractional change in electrical
resistance was linear. The fractional change in electrical resistivity was found to steadily increase with
the increase in initial loading. A significant decrease in the fractional change in electrical resistivity
was seen as the load approached failure. When a layer of mortar with brass fiber was added to
the mortar paste, the ultimate load at failure was observed and compared with the reference beam
specimen using Araldite paste. Compared to the hybrid brass-carbon fiber-added mortar layer, the
brass fiber-added mortar layer increased the fractional change in the electrical resistivity values by
14–18%. Similarly, the ultimate load at failure was increased by 3–8% in the brass fiber-added mortar
layer when compared to the hybrid brass-carbon fiber-added mortar layer. Failure of the beam was
indicated by a sudden drop in the fractional change in electrical resistivity values.

Keywords: self-sensing; reinforced concrete beam; mortar; fibre; electrical resistance; carbon fibre;
electrically conductive filler; brass fibre

1. Introduction

A reinforced cement concrete (RCC) beam is a structural member that carries all
vertical loads from the slab and transfers them to the column. Structural beams can be
made of different materials, such as steel, aluminum, wood, and concrete. RCC beams
are the most common type of structural beam in the construction industry. Concrete is
made up of cement, fine aggregate, and coarse aggregate. It is strong in compression, but
weak in tension. To overcome the weakness in tension, reinforcement bars are introduced
to the concrete, forming RCC members. Various studies have been conducted to improve
the strength of RCC members by modifying their standard constituents with developing
materials. These modifications aim to minimize structural failure and save lives. One
innovation in the construction industry is smart concrete, which is a type of self-sensing, self-
monitoring material that consists of conductive filler material along with the conventional
constituents of concrete.
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Carbon fibers are the most widely used type of conductive fillers, but their application
in smart concrete or mortar is limited due to their high cost. Hence, they are uneconomical.
To overcome this problem, brass fibers are introduced in the experiments. The primary
focus of this paper is on the use of brass fiber as a conductive filler in cementitious mortar.
Another main drawback of the use of carbon fibers is their high percentage of addition.

Research has been conducted extensively in this area to create a new technique that
can replace steel and alloys while being reliable, affordable, and simple to handle. The
use of FRP plates can be expanded to places where using steel would be impossible or
impractical because they have several advantages over steel plates [1]. Glass fiber sheets
performed slightly better than carbon fiber sheets due to their similar axial capacity [2].
CFRP increases the shear capacity to a greater extent for beams lacking sufficient shear
reinforcement as compared to beams with adequate shear reinforcements [3]. FRP is
increasingly in demand as a material to reinforce structural elements due to its high
corrosion resistance and high strength-to-weight ratio [4]. One study reported that the CFRP
beam specimen failed after the longitudinal steel reinforcement yielded concurrently with
inclined cracks or splitting of the epoxy paste during the flexural test [5]. A strengthening
system combining both the CFRP sheets and U-wrap anchors shows an increase in the
initial stiffness of the RC beams [6]. The best results were obtained when the fibers reached
their tensile failure, which occurred particularly when CFRP or steel plates were placed at
the end of reinforcements in a direction perpendicular to the strengthening direction [7].
As a result, fiber-reinforced polymers that are externally bonded to concrete structures
have gained widespread acceptance in the industry. However, this method reduces the
beam’s ductility [8]. Other researchers favor the use of U-wraps to avoid the debonding
effect [9]. Adding U-wrap anchorage to the CFRP sheets can increase the strengthened
beam’s endurance without considerably increasing its capacity [10].

The FRP with the U-wraps could improve the beam’s ability to support more weight
in addition to reducing delamination [11]. Sectional dimensions, tension reinforcement
ratio, shear reinforcement, load, and resistance all have an impact on the effectiveness of a
reinforced concrete beam [12]. A concrete beam cast using high-strength concrete performed
better in carrying the compressive strength, thus ensuring a good safety factor [13]. High-
strength concrete is recommended in cases where weight reduction is crucial or where
smaller load-bearing elements are required due to architectural concerns [14]. When the
amount of reinforcement was unchanged, the beam ductility improved as concrete strength
increased [15]. With various conductive additives, cement mortar produces a piezoresistive
effect [16].

The electrical resistance showed a significant increase after seven days of air curing,
whereas it decreased after 14 and 28 days of air curing [17]. An extremely sensitive
strain sensor with a gauge factor of up to 700 is made of cement that contains short
carbon fibers (0.24 volumetric percentage) [18]. The emergence and expansion of cracks
significantly raise the electrical resistance of the cement-based composite. As a result, the
cement-based composite has the potential to be utilized as a damage and strain sensor [19].
Electrical resistance variation and the perpendicular tensile strain showed a strong linear
association [20]. Carbon fibers added in larger amounts resulted in fluctuations in a
fractional change in resistivity (fcr), since the large amount being added reduced the
even distribution of the fiber. This also reduced the workability of the material, thereby
reducing its strength. Utilizing various conductive materials, researchers produced and
tested piezoresistivity for strain and damage detection [21]. The steel fiber-reinforced
cement-based composite can be used as a fire alarm detector due to the change in electrical
resistance with temperature variation [22]. The self-sensing pavement was developed by
embedding smart nickel particle-filled cement-based sensors into a concrete pavement.
The smart cement-based sensor’s high piezoresistive sensitivity enables the self-sensing
pavement to precisely identify the passing of vehicles [23]. The wireless monitoring
system, or nickel particle-reinforced cement composite, was developed for detecting vehicle
movement [24]. Under a single compressive loading subjected to failure and within an
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elastic regime, the fractional change in electrical resistivity of a Portland cement-based
composite containing nickel powder reached maximum values of 69.00% and 62.61% [25].
Sun et al. investigated [26] the application of cement-based composites as sensors in
various structural components. Due to the significant strains that have led to the fracture
of the concrete, carbon nanofiber–cement composites were unable to generate any type
of damage-sensing mechanism when coupled with an RCC element [27]. When placed
under uniaxial tension, embedded carbon-black-filled cement-based composite sensors
exhibited good tensile strain sensing characteristics before being subjected to crushing
failure [28]. Brass fibers are good electrically conductive filler materials used in mortar
mixes to improve piezoelectric resistivity [29]. The piezoresistance was increased by adding
0.25% brass fibers to the standard mortar and by adding 95% brass fibers and 5% carbon
fibers to the standard mortar [30].

Graphene nanoplatelets (GNPs) with relatively smaller surface areas and higher parti-
cle sizes form effective conductive paths and exhibit better piezoresistive characteristics [31].
As the sample size increases, the electrical resistivity also increases. However, the strain
sensitivity decreases due to the obstruction of electrons by the aggregates. Additionally,
large-scale bending test results verified the piezoresistivity of smart concrete, while crack
formation and propagation dramatically increased the electrical resistance [32]. Kuralon
fibers can further improve the strength and self-sensing properties of concrete. The mortar
mixture with 8% graphite provided the best self-sensing properties to warn against the
effects of cracking, and it also exhibited better mechanical properties [33]. The self-sensing
behavior of mortar pavement was evaluated by the self-sensing of compression force,
human motion detection, and vehicle speed monitoring. Moreover, the smart mortar slab
could detect vehicle speed with high accuracy of traffic detection [34]. Experimental work
on the mechanical properties of geopolymer concrete, mortar, and paste prepared using
fly ash and blended slag resulted in an incremental improvement that was followed by a
gradual reduction, and it finally reached a relatively consistent value with an increase in
exposure temperature [35]. Recycled carbon fibers increase the flexural and tensile split-
ting strengths by up to 100%, whereas brass-coated steel fibers improve the compressive
strength by 38%. Electrical conductivity tests show that recycled carbon fibers decrease the
electrical resistivity of mortars [36].

Fiber-reinforced polymers (FRPs), which have a high strength-to-weight ratio and can
withstand corrosive environments, can be used as structural components [37]. Based on
the CHILE technique, the created numerical model accurately predicted the magnitude
of spring-in deformation of L-shaped pultruded profiles [38]. In comparison to thermo-
plastic pultruded composites made from pre-consolidated tapes, pre-consolidated sheets
enable pultrusion flat laminates with larger cross-sections, showing higher mechanical
performance and surface roughness [39]. The mechanical properties degrade due to the
development of micro-voids, fractures, and interface debonding [40]. In contrast to CFRP-
strengthened specimens, which showed block splitting failure, fiber breakage, and buckling
damage, the GFRP-strengthened specimens showed fiber bundle breakage, splitting, and
buckling damage [41]. It was demonstrated that composite beams with wraps could attain
the ductility and strengths of their counterparts with substantially higher beam depths [42].

Additional research can be performed by adding various other conductive fillers to
the structural components in the future. Previous studies were carried out incorporating
carbon fibers, carbon black, carbon nanofibers, etc. Since carbon fibers are uneconomical to
be used as conductive fillers, an alternative brass fiber is introduced in the present study.
The studies on the use of brass fiber, along with carbon fiber, as hybrid mortars with respect
to structural applications on existing structural elements are limited. Hence, the newly
developed smart mortar with the addition of brass fibers and hybrid brass-carbon fibers is
introduced to the RCC beam specimen for damage detection.

The addition of fibres to the cementitious composites improves their flexural strength,
flexural toughness, impact resistance, and tensile strength. Due to their high cost, carbon
fibres are not widely used for practical purposes. Brass fibres are incorporated into the
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cementitious composites in this work as conductive fillers to improve the mortar’s capacity
for self-sensing. Due to the addition, fibres were also used to determine the self-sensing
ability of brass fibres, and the bonding between the particles was observed within the
cement matrix. Brass fibres were used to form thin mortar strips of 6 mm thickness. These
strips were attached to the RCC beam to self-sense the damages occurring in the beam
element, making it more sustainable. Further studies can also be carried out, implementing
other conductive fillers to the structural elements.

2. Materials and Methods

To ascertain the flexural behaviour of the sustainable RCC beam, an experimental
investigation was carried out. The self-sensing mortar layer was applied to the bottom
of the beam to determine the failure of the beam through the self-sensing effect of the
smart mortar.

2.1. Materials

The beam specimen was created using M30 concrete. The mix ratio for the M30 grade
of concrete used for the beam specimen is shown in Table 1; the RCC beam’s design and its
reinforcing details were determined from the guidelines of IS 456-2000 [43]. The primary
bars at the bottom were two numbers of 12 mm-diameter bars. The top reinforcement was
made up of two numbers of 10 mm-diameter bars. Stirrups with a 100-mm centre-to-centre
spacing were made of two-legged, 6-mm-diameter rods. Locally accessible river sand, OPC
53-grade cement, coarse aggregate measuring 12.5 mm, and portable water were used to
create the RCC beams.

Table 1. Mix design for M30 grade concrete.

Cement (kg/m3) Fine Aggregate (kg/m3) Coarse Aggregate (kg/m3) Water (kg/m3)

428.48 888.94 924.64 171.39

The smart mortar layer was made up of OPC 53-grade cement, locally available river
sand of particle size less than 600 μm, potable water, and brass fibres of randomly varying
length from 1 mm to 4 mm, with diameters varying from 0.1 mm to 1 mm (manufacturer:
Sarda Industries Pvt. Ltd, Jaipur, Rajasthan, India). Carbon fibres of size 5 mm in length
with a diameter of 10 μm were also used (manufacturer: Fibre Region Pvt. Ltd., Chennai,
India). The pictorial representation of brass and carbon fibres is shown in Figure 1. A
superplasticizer was used to improve the workability of the mortar mixture. Methyl
cellulose (manufacturer: Southern India scientific Corporation Pvt. Ltd., Chennai, India)
was additionally used for improving the dispersion of carbon fibres when carbon fibre
was added to the cement mortar mixture. Silica fume (manufacturer: Astrra chemicals
Pvt, Ltd., Chennai, India) was added to the smart mortar mixture to improve its strength.
The fibres were randomly mixed to the mortar matrix. Modified MM 7.5 masonry mortar
was adopted for smart mortar strips conforming to IS 2250-1981 [44]. The mix proportions
along with the constituents are shown in Table 2.

In addition to the materials listed in Table 1, methylcellulose was added to the cement
mortar mix at a rate of 1.872 kg/m3 for the hybrid brass addition. The brass fibres were
added at a dosage of 0.25% by the volume of the mortar. In the hybrid brass-carbon fibre
addition, the fibres were added in a combination of 95% brass fibre and 5% carbon fibre.
Carbon fibres were added at a rate of 0.24% by volume of mortar.

Table 2. Mix proportion and constituents for mortar strips.

Cement (kg/m3)
Fine Aggregate

(kg/m3)
Water (kg/m3)

Superplasticizer
(kg/m3)

Silica Fume
(kg/m3)

468 1427.5 234 7.02 70.20
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(a) (b) 

Figure 1. The pictorial representation of brass and carbon fibres. (a) Carbon fibre. (b) Brass fibre.

2.2. Casting of Specimen

Six beam specimens, measuring 1500 mm in length, 100 mm in width, and 250 mm in
depth, were cast. The beams were designed by IS 456-2000 [43]. Two numbers of 12 mm
steel bars were placed longitudinally at the bottom of the test beams, and two numbers of
10 mm steel bars were placed longitudinally at the top of the test beams as the tensile and
compressive steel reinforcement, respectively. Two-legged stirrups of 6 mm diameter were
used at 100 mm centre-to-centre spacing.

Two mortar layers were cast separately with dimensions of 1200 mm in length, 100 mm
in width, and 6 mm in thickness. One mortar strip was made of brass fibre addition,
while the other was made of hybrid brass–carbon fibre addition. These two mortar strips
were pasted to the RCC beam with Araldite paste at the bottom. In the other two beam
specimens, the freshly prepared mortar paste was applied to the existing beam, which
was manufactured 28 days earlier. In the other two beam specimens, the mortar layer was
freshly cast on the beam during the time of its manufacture. Detailed information on the
beam specimens is given in Table 3.

Table 3. Details of the beam specimens.

S. No. Beam Variations Provided

1 Beam-1-FB-FM-BF By incorporating brass fibres into the mortar mixture, a fresh
mortar layer was cast on a fresh beam.

2 Beam-2-EB-FM-BF By including brass fibres in the mortar mixture, a fresh mortar layer
was cast on the top of the existing beam.

3 Beam-3-EB-EM-BF Brass fibres were included in the mortar mixture, and a separate
layer of cast mortar was placed over the existing beam.

4 Beam-4-FB-FM-HBC By incorporating hybrid brass carbon fibres into the mortar mixture,
a fresh mortar layer was cast on a fresh beam.

5 Beam-5-EB-FM-HBC Hybrid brass-carbon fibres are added to the mortar mixture before
casting a new mortar layer over an existing beam.

6 Beam-6-EB-EM-HBC
Hybrid brass carbon fibres were added to the mortar mixture, and a
separate layer of cast mortar was applied to the existing beam with
Araldite paste.

2.3. Test Method

The flexural behaviour of the beam was determined with the two-point method
(loading frame manufacturer–SRM Institute of Science and Technology) of loading. Six
beams with a smart mortar layer were tested with two-point loading. To measure the
deflections, one deflectometer was positioned at the beam’s midspan at the bottom. The
dimensions of the beam with the smart mortar layer are illustrated in Figure 2. To measure
the strains, three strain gauges were attached at the top, middle, and bottom of the beam.
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Figure 2. Pictorial representation of beam with smart mortar layer.

As depicted in Figure 3, the specimens were tested in a 400 kN loading frame. Using
a load cell, the beam specimens were subjected to incremental loading until failure. The
electrical measurements of the RCC beam were determined using the four-probe method.
Silver paint was applied to the specimen at four points with intervals of 200 mm, as shown
in Figure 4. Steel wires were wound along the applied silver paint to determine the flow
of electricity across the specimen. Two multimeters were connected to the four probes,
along with a DC power supply. Through the multimeter, the voltage and current readings
were recorded. Using the voltage and current data that were obtained, the resistance and
fractional change in electrical resistance were calculated. Under two-point loading, the load
was applied in an increment of 5 kN. Readings were recorded using digital multimeters,
a deflectometer, and strain gauges. The fractional change in electrical resistance (fcr) was
determined using the resistivity value for each load increment of 5 kN.

 

Figure 3. Test setup of the beam with smart mortar layer.

 

Figure 4. Four–probe method with wire winding on smart mortar.
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3. Discussion and Findings

3.1. A New Brass Fibre Added Mortar Layer Is Cast on a New 1.5-m-Long Beam

The ultimate load of fresh brass fibre added to the mortar layer cast on a fresh beam
was observed at 145 kN. The stress observed at the bottom of the beam was higher when
compared to the middle and top of the beam. At the initial stages of loading, the strain
observed in the reinforced beam was minimal. As the loading was increased and the first
crack was observed, the strain at the bottom increased gradually until failure. Figure 5
illustrates that, when the loading increased, flexural cracks developed in every reinforced
concrete beam. From the beginning point of loading until failure, a progressive increase in
the mid-span displacement of the beam was also noticed. The graphical representations
of stress versus strain, fcr versus strain, load versus displacement, and load versus fcr are
shown in Figure 6. The maximum bottom strain at failure was observed as 0.00131 for the
brass fibre-added fresh mortar layer cast on a fresh concrete beam of length 1.5 m.

The fcr values were calculated with the current and voltage readings recorded through
the multimeter connected to the beam through the four-probe winding method. The
fractional change in electrical resistivity values was found to steadily increase with the
initial increase in loading through the four-probe winding method. The fractional change
in electrical resistivity values was found to steadily increase with the initial increase in
loading. Whereas, when the loading was about to reach the failure load, a drastic change in
the fractional change in electrical resistivity values was observed. This was caused by the
formation and development of more cracks in the mortar layer.

 
Figure 5. Crack patterns of the reinforced concrete beam with smart mortar layer.
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(b) fcr versus strain 

 
(c) Load versus displacement 

 
(d) Load versus fcr 
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Figure 6. Graphical representation of (a) stress vs. strain, (b) fcr vs. strain, (c) load vs. displacement
and (d) load versus fcr behaviour of the brass fibre added fresh mortar layer cast on fresh concrete
beam of length 1.5 m.

Similarly, the fractional change in electrical resistivity values decreased when the
applied load approached the failure load and was at its minimum at the ultimate load.
This occurred due to the splitting of the mortar layer at the bottom of the beam through
the development of cracks in it. The electrical circuit formed through the four probes was
disconnected by the breakage of the smart mortar layer, leading to the reduction in fcr
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values. The pictorial representation of the crack formed on the smart mortar layer at the
bottom of the beam is shown in Figure 7.

 
Figure 7. Failure modes of the smart mortar layer.

3.2. A Fresh Mortar Layer of Brass Fibres Was Cast on an Existing 1.5-m-Long Beam

The ultimate load of the freshly added brass fibre mortar layer cast on an existing
beam was measured at 140 kN. The behaviour of the beam with respect to displacement,
strain, and stress was similar to that of a fresh mortar layer with added brass fibres cast on
a fresh beam. When compared to a fresh brass fibre added mortar layer cast on a new beam,
a fresh brass fibre added mortar layer cast on an existing beam reduced displacement by
20.37%. Similarly, fcr increased by 4.26% in a fresh brass fibre-added mortar layer cast
on an existing beam when compared to a fresh brass fibre-added mortar layer cast on a
fresh beam.

The failure of the smart mortar layer was caused by the formation and propagation of
flexural cracks on the beam, which led to the disconnection of the self-sensing effect [27].
The maximum bottom strain at failure was observed as 0.00525 for the brass fibre-added
fresh mortar layer cast on an existing concrete beam of length 1.5 m. The graphical
representation of stress versus strain, fcr versus strain, load versus displacement, and load
versus fcr is shown in Figure 8.
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(b) fcr versus strain 

(c) Load versus displacement 

(d) load versus fcr 
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Figure 8. Graphical representation of (a) stress vs. strain, (b) fcr vs. strain, (c) load vs. displacement,
and (d) load versus fcr behaviour of the brass fibre added fresh mortar layer cast on an existing
concrete beam of length 1.5 m.

3.3. Brass Fibre Added Mortar Layer Pasted on Existing Beam of Length 1.5 m with Araldite Paste

The final load of the brass fiber-added mortar layer cast and placed on the existing
beam with the help of Araldite paste was 155 kN. The behaviour of the beam in terms of
displacement, strain, and stress was identical to a fresh brass fibre mortar layer cast on a
fresh beam. The displacement was reduced by 8.71% when brass fibre was added to the
mortar layer placed on the existing beam with the help of Araldite paste as compared to a
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fresh mortar layer placed on a fresh beam. The electrical resistance improved by 15.43%
more when brass fibre was added to the mortar layer placed on the existing beam with
the help of Araldite paste as compared to a fresh mortar layer cast on a fresh beam. The
addition of a smart mortar layer to the existing RCC beam with Araldite paste improved the
piezoelectricity of the beam greatly. This is due to the improved bonding between the beam
and the smart mortar layer due to the Araldite paste. Hence, among all three methods used
to implement the smart mortar on the reinforced concrete fibre-added mortar layer cast on
the existing beam with the help of Araldite paste, one was observed to be more effective.

The development and spread of flexural cracks on the beam caused the self-sensing
effect to be disconnected, which resulted in the failure of the smart mortar layer. The
maximum bottom strain at failure was observed as 0.00234 for the brass fibre-added mortar
layer pasted on the existing concrete beam of length 1.5 m with Araldite paste. In Figure 9,
the relationships between stress and strain, fcr and strain, load and displacement, and load
and fcr are represented graphically.
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(c) Load versus displacement 

(d) Load versus fcr 
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Figure 9. Graphical representation of (a) stress vs. strain, (b) fcr vs. strain, (c) load vs. displacement
and (d) load versus fcr behaviour of brass fibre added mortar layer pasted on existing concrete beam
with Araldite paste of length 1.5 m.

3.4. Hybrid Brass Carbon Fresh Mortar Layer Cast on a Fresh Concrete Beam of Length 1.5 m

The ultimate load of the mortar layer added with fresh hybrid brass-carbon fibre cast
on a fresh beam was measured at 140 kN. In comparison to the centre and top of the beam,
there was more strain towards the bottom of the beam. The reinforced beam experienced
very little strain during the early stages of loading. When the loads were increased, the
bottom strain progressively developed until failure, and the first crack was observed. The
mid-span displacement of the beam was also found to significantly increase from the point
of initial loading until failure.

The fcr values were calculated using voltage and current readings from a multimeter
connected to the beam via the four-probe winding method. It was discovered that, initially,
the fcr values increased continuously with the increase in loading. In contrast, a sharp
change in the fcr values was seen as the loading approached the failure load. This was
carried on by the formation and growth of further cracks in the layer of mortar.

The fcr values also decreased as the applied load approached the failure load and were
at their lowest at the maximum load. This happened as a result of the cracks in the smart
mortar layer that developed at the bottom of the beam. The fracturing of the smart mortar
layer interrupted the electrical circuit established by the four probes, which reduced the fcr
values. In Figure 10, the relationships between stress and strain, fcr and strain, load and
displacement, and load and fcr are represented graphically.
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(a) stress versus strain 

(b) fcr versus strain 

(c) Load versus displacement 

0

10

20

30

40

50

0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016

St
re

ss
 (N

/m
m

 2
)

Strain

Top Middle Bottom

0

5

10

15

20

25

30

35

0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016

fc
r 

Strain

Top Middle Bottom

0

40

80

120

160

200

0 1 2 3 4 5 6 7 8 9 10 11 12 13

Lo
ad

 (k
N

)

Displacement (mm)

Load vs Displacement

(d) Load versus fcr 

0

40

80

120

160

200

0 5 10 15 20

Lo
ad

 (k
N

)

fcr 

Load vs fcr

Figure 10. Graphical representation of (a) stress vs. strain, (b) fcr vs. strain, (c) load vs. displacement,
and (d) load versus fcr behaviour of hybrid brass carbon fibre added fresh mortar layer cast on a
fresh concrete beam of length 1.5 m.
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When compared to a fresh brass fibre added mortar layer cast on a fresh beam, the
displacement in a fresh hybrid brass–carbon fibre-added mortar layer cast on a fresh beam
increased by 3.04%. Similarly, when compared to a fresh brass fibre added mortar layer cast
on a fresh beam, the fractional change in electrical resistivity decreased by 14.76% in a fresh
hybrid brass and carbon fibre added mortar layer cast on a fresh beam. The maximum
bottom strain at failure was observed as 0.00136 for the hybrid brass carbon fibre-added
fresh mortar layer cast on a fresh concrete beam of length 1.5 m.

3.5. Hybrid Brass–Carbon Fibre Added Fresh Mortar Layer Cast on an Existing Concrete Beam of
Length 1.5 m

The peak load of the fresh hybrid brass–carbon fibre-added mortar layer cast on an
existing beam was 130 kN. The beam behaved similarly to a fresh hybrid brass–carbon
fibre-added mortar layer cast on a fresh beam in terms of displacement, strain, and stress.
When fresh hybrid brass with a carbon fibre added mortar layer cast on an existing beam
was compared to fresh hybrid brass with a carbon fibre added mortar layer cast on a
new beam, displacement was reduced by 15.94%. When comparing fresh hybrid brass
with a carbon fibre-added mortar layer cast on a fresh beam to fresh hybrid brass with a
carbon fibre-added mortar layer cast on an existing beam, the electrical resistivity increased
by 6.62%.

In comparison to a fresh brass fibre-added mortar layer cast on an existing beam, the
displacement in a fresh hybrid brass–carbon fibre-added mortar layer cast on an existing
beam increased by 8.77%. Similarly, when compared to a fresh brass fibre-added mortar
layer cast on an existing beam, the fcr of a fresh hybrid brass and carbon fibre added mortar
layer cast on an existing beam decreased by 12.83%. The maximum bottom strain at failure
was observed as 0.00455 for the hybrid brass–carbon fibre-added fresh mortar layer cast on
an existing concrete beam of length 1.5 m. The graphical representation of stress versus
strain, fcr versus strain, load versus displacement, and load fcr is shown in Figure 11.
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(c) Load versus displacement 

(d) Load versus fcr 
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Figure 11. Graphical representation of (a) stress vs. strain, (b) fcr vs. strain, (c) load vs. displacement,
and (d) load versus fcr behaviour of hybrid brass–carbon fibre-added fresh mortar layer cast on an
existing concrete beam of length 1.5 m.

3.6. Hybrid Brass–Carbon Fibre-Added Mortar Layer Pasted on Existing Concrete Beam with
Araldite Paste of Length 1.5 m

The ultimate load of the hybrid brass-carbon fibre mortar layer placed on the existing
beam with the help of Araldite paste was 150 kN. The beam behaved in the same manner
as the fresh hybrid brass–carbon fibre-added mortar layer cast on a fresh beam in terms
of displacement, strain, and stress. In comparison to fresh hybrid brass with carbon fibre
added mortar applied to a new beam, displacement was reduced by 11.16% in the hybrid
brass, with carbon fibre-added mortar layer applied to an existing beam using Araldite
paste. In comparison to a hybrid brass–carbon fibre-added fresh mortar layer cast on a fresh
beam, the electrical resistance increased by 15.51% when the hybrid brass–carbon fibre-
added fresh mortar layer was placed on an existing beam with the aid of Araldite paste.

When compared to the brass fibre added mortar layer placed on the existing beam
with the help of Araldite paste, the displacement increased by 0.27% in the hybrid brass
and carbon fibre added mortar layer placed on the existing beam with the help of Araldite
paste. Similarly, in the brass fibre-added mortar layer placed on an existing beam with the
help of Araldite paste, the fcr decreased by 14.70% in the hybrid brass–carbon fibre-added
mortar layer placed on an existing beam with the aid of Araldite paste. The maximum
bottom strain at failure was observed as 0.00156 for the hybrid brass–carbonfibre-added
mortar layer pasted on an existing concrete beam of length 1.5 m with Araldite paste. The
graphical representation of stress versus strain, fcr versus strain, load versus displacement,
and load versus fcr is shown in Figure 12.
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(a) stress versus strain 

(b) fcr versus strain 
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(c) Load versus displacement 

(d) Load versus fcr 
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Figure 12. Graphical representation of (a) stress vs. strain, (b) fcr vs. strain, (c) load vs. displacement,
and (d) load versus fcr behaviour of hybrid brass–carbon fibre-added mortar layer pasted on existing
concrete beam with Araldite paste of length 1.5 m.
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The load was applied with a 2 kN increment in UTM. A strain gauge and digital
multimeter were used for testing. The fractional change in electrical resistance (fcr) was
determined using the resistivity value for each 2 kN increment in load.

4. Discussion of Results

From the experimental results, it was found that the fractional change in the electrical
resistivity values was found to steadily increase with the increase in loading initially. In
contrast, a drastic reduction in the fractional change in electrical resistivity values was
observed when the loading approached the failure load. Both brass and carbon fibres
performed well as conductive fillers in the production of cement composites that helped
to measure strains on the surface of a structural member, irrespective of the local stresses
being in tension or in compression, which was similar to the experimental observations of
Baeza et al. [27]. The most sensitive dosage of brass fibres in the mortar strip was 0.25%
(by volume of the mortar). Similarly, the optimum dosages of the hybrid brass-carbon
fibre were 95% for brass fibres and 5% for carbon fibres, respectively (by volume of the
mortar) [30].

The ultimate load at failure was also observed in a separately cast, fibre-added mortar
layer pasted to the existing beam with the use of Araldite paste. Compared to the hybrid
brass–carbon fibre-added mortar layer, the brass fibre-added mortar layer’s fractional
change in electrical resistivity performance improved by 14–18%. Similarly, the ultimate
load at failure was improved by 3–8% when the brass fibre was added to the mortar layer
as compared to the hybrid brass-carbon fibre-added mortar layer.

From the experimental results presented in this paper, it was found that the addition
of brass fibre and hybrid brass–carbon fibre made mortar more self-sensing. With the
newly developed smart mortar, the strain level in any flexural member can be assessed.
Additionally, the load level on the beam or on the slab can be assessed by measuring the
electrical resistance of the member. The structural elements can maintain their load level
within a safe limit. The developed smart mortar can be used for structural applications
where temperature changes are severe, such as chemical storage facilities, pavements, dams,
bridges, and for tall buildings. A quick, affordable, and less time-consuming technique
of monitoring the structural health of a building is possible by the development of this
smart mortar layer that can be applied to an existing structural member to monitor its
performance throughout its lifecycle.

5. Conclusions

The following findings were obtained from experiments on reinforced concrete beams
with smart mortar layers containing either pure brass fibre or a hybrid of brass and carbon
fibre. By adding a smart mortar layer to the bottom of a reinforced concrete beam, the
electrical resistivity values were able to detect a failure in the beam before it actually
occurred, making the beam element more sustainable. The application of Araldite paste,
which improves bonding and piezoelectricity, is the most effective method for implementing
the smart mortar layer in the reinforced concrete beam. The brass fibre-added smart mortar
performed better when compared to the hybrid brass–carbon fibre-added smart mortar in
terms of piezoresistive effect. The behaviour of the beam in terms of displacement, strain,
and the ultimate load was more or less similar, since all the beams were prepared with the
same materials and specifications. The formation and progression of cracks in the smart
mortar layer before the failure of the beam resulted in prior intimation through a sudden
drop in a fractional change in electrical resistivity values. The ultimate load at failure was
observed in a separately cast fibre-added mortar layer pasted to the existing beam with
the use of Araldite paste. Compared to the hybrid brass–carbon fibre-added mortar layer,
the brass fibre-added mortar layer showed an increase in the electrical resistivity values by
14–18%. Similarly, the ultimate load at failure was improved by 3–8% in the case of brass
fibre-added mortar layer when compared to the case of hybrid brass–carbon fibre-added
mortar layer.
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As a result, structural members can be coated with either carbon or brass fibres in
thin mortar layers to detect damage to the member. It can also be used to detect damage
in members before they fail and collapse, making the structure more sustainable. Further
research can be carried out with different conductive fillers in the mortar matrix. Studies
on the applications of such smart mortars in high-rise buildings, pavements, and dams
can also be carried out. The incorporation of smart mortars into other structural elements
subjected to cyclic loading can be performed in the future.
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Abstract: Plastic is being used increasingly in daily life. Most of it is not recyclable, and the remaining
plastic cannot be used or decomposed. This causes increased plastic waste, contributing to global
warming due to thermal recycling. The major objective of this research was to utilise the maximum
plastic waste possible to manufacture bricks that compete with the properties of conventional bricks
without affecting the environment and the ecological balance. A balanced mixture of high-density
polyethylene (HDPE), quartz sand, and some additive materials, such as bitumen, was used to
produce these bricks. Various tests were performed to assess the bricks’ quality, such as compression,
water absorption, and efflorescence tests. These bricks had a compression strength of 37.5 MPa, which
is exceptionally strong compared to conventional bricks. The efflorescence and water absorption tests
showed that the bricks were nearly devoid of alkalis and absorbed almost no water. The obtained
bricks were light in weight and cost-effective compared to conventional bricks.

Keywords: HDPE; quartz sand; bitumen; compression testing; water absorption test; efflorescence
test

1. Introduction

Plastic, a synthetic material made from various organic compounds with a high
molecular mass, was first introduced in 1907 by Leo Baekeland [1]. Since then, it has
changed numerous industries. During World War II, there was rapid growth in the plastic
industry, as manufacturers could use plastic to replace products previously manufactured
using natural resources. The best example was nylon, which replaced silk and was used
for parachutes, helmets, and body armour; another was plexiglass, used as a substitute for
glass in aircraft [2].

Over time, plastics replaced the use of traditional materials. It has become one of
the essential materials in day-to-day life. Properties such as high strength, corrosion
resistance, easily mouldability, waterproofness, and its ductile nature make it fit a wide
range of applications. It is used in almost every sector, such as in electrical and electronic
applications, packaging, logistics, and industrial machinery. More than 50% of plastic was
produced after the year 2000. Most plastic is used for packaging [3].

Its production involves the polymerisation or polycondensation of natural materials,
such as cellulose, coal, natural gas, salt, crude oil, minerals, and plants. It can be moulded
into various shapes, sizes, and forms. It also possesses remarkable properties, such as light-
ness, durability, flexibility, and affordability, and is thus a popular choice over traditional
materials, such as wood, natural fibres, rubber, and paper [4].

Despite having advantages, such as cheaper cost and ease of production, it affects the
environment if not utilised properly. According to EEA, plastics have many other effects,
including contributions to climatic change, and the report says that there is no control
over the production and consumption of plastics [5]. There is a great need to develop
a circular trend by inventing various recycling techniques. However, according to the
Ellen MacArthur Foundation, only 14% of the plastic produced is recycled [6]. Every year,
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countries worldwide discard millions of tons of plastic waste. Less than 20% of waste
plastic is recycled to make new plastics, while the remaining plastics are either disposed of
in landfills or burnt or dumped [7]. The only way to minimise its impact is to stop using
it; however, in the modern world, this is impossible due to excessive reliance on plastic
items. Thus, one of the valuable solutions is to convert the available waste plastic into raw
material for various new plastic goods, speeding up the recycling process.

Technically, all polymers are recyclable and can be used once or more to create an
identical product [8]. However, it must be carried out in controlled conditions and requires
high-end machinery and technology. This is not a feasible solution, because it harms
the environment and makes industries unprofitable. Therefore, it is best to sort waste
plastic according to its categorisation and qualities to extract recyclable plastic and use
it to produce plastic products in the future. Because of the process-induced breakdown
of the polymer chain, the properties of such recycled materials may differ from those of
the original. These properties can be regained by adding the appropriate additives and
strength-enhancing materials [9].

Researchers conducted experiments to investigate the optimal combination of raw
materials, plastic, and sand to achieve maximum brick strength. These experiments in-
volved varying proportions of the raw materials. One specific experiment conducted by
Wahid et al. [10] utilised a mixture of sand, sand dust, and cement in a ratio of [9:9:4].
The mixture was then mixed with plastic waste in weights of 0%, 5%, 10%, and 15%. The
highest compression strength observed was 12.4 N/mm2 when 0% plastic was used, and
the strength decreased as the percentage of plastic increased. The reduction in strength was
attributed to poor adhesion between the plastic waste and cement. Additionally, a longer
curing time was required due to the significant volume of cement and sand. These findings
suggest that plastic waste in brick production may not necessarily improve the strength of
bricks, and further research is needed to optimise the proportions of the raw materials and
curing process.

In an extension of the research of Wahid et al. [10], another researcher, Agyeman
et al. [11], mixed plastic: quarry dust: sand ratios of 1:1:2 and 2:1:2 by weight. The resulting
samples were then cured for seven days by being sprinkled with water. The bricks produced
from these mixtures were tested for their compressive strengths and water absorption rates.
It was found that the bricks produced from the 1:1:2 mixture had a compressive strength of
6.07 N/mm2 and a water absorption rate of 4.9%, while the bricks produced from the 2:1:2
mixture had a higher compressive strength of 8.53 N/mm2 and a lower water absorption
rate of 0.5%.

As per Circular Action Hub (CAH) [12], mixing recyclable plastics with sawdust, con-
crete, mud, or sand can replace conventional building materials. High-density polyethylene
is one of those recyclable plastics. Typically, HDPE produces storage containers for milk,
shampoo, oil, and chemicals. It is comparatively more stable and emits fewer hazardous
gases, and is thus acceptable for recycling under certain controlled circumstances. Globally,
about 40 million tonnes of HDPE waste are generated [13].

High mechanical strength, transparency, non-toxicity, no effect on taste, and perme-
ability that may be disregarded for carbon dioxide are all characteristics of HDPE plastic. In
addition to being transparent, processable, colourable, and thermally stable, HDPE plastic
is chemically resistant, tensile, and impact-resistant [14].

The polyethylene grade with the most stiffness and least flexibility is HDPE. It works
well for various uses, such as garbage cans and everyday home items, including miniature
bottles and clothespins. This non-toxic, lightweight material can replace less eco-friendly
materials because it is readily recyclable [15].

An analysis conducted by Sahani et al. [16] found that recycling plastic waste in
manufacturing bricks and tiles is an effective way to reduce waste. The study suggested
that when plastic and sand are combined in the proper ratio, the resulting bricks have a
higher compression strength than traditional clay bricks. The highest compression strength
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was achieved with a plastic-to-sand ratio of 1:4, valued at 12.28 N/mm2. However, as the
amount of plastic in the mixture decreased, the compression strength also decreased.

The research of Kulkarni et al. [17] shows that HDPE plastics have a higher compres-
sion strength of 14.6% than conventional bricks, with a brick wall’s ultimate load-carrying
capacity being 197.5 KN. This means they can be used to build structures supporting higher
loads. According to Maneeth et al. [18], bitumen acts as a binder and enhances the strength
of the bricks because of its stability and density. However, as the bitumen percentage
increases, the compression strength declines from 10 N/mm2 to 2.04 N/mm2, with the
ideal bitumen percentage being 2%. According to Benny T.K. et al. [19], bitumen-added
bricks have a hydrophobic property that prevents water from infiltrating them. They also
have a higher compression strength than standard bricks, with a compression loading of
120 KN. In this way, large amounts of waste can be used without affecting the environment
and reducing the cost of construction.

This publication aims to manufacture plastic sand bricks using bitumen and find the
optimum percentages of plastic and sand for producing bricks with higher compression
strength and a lower water absorption rate than conventional bricks.

2. Materials and Methods

2.1. Materials Used
2.1.1. HDPE Plastics

High-density polyethylene (HDPE) is usually derived from petroleum. HDPE is a low-
cost thermoplastic material that performs well for low- and medium-technical applications.
It is used to produce various products, such as pipelines, milk jars, cutting boards, and
plastic bottles. HDPE does not crack under stress due to its very ductile behaviour. Table 1
shows the properties of HDPE.

Table 1. Properties of HDPE [20].

Property Units HDPE

Yield stress MPa 18
Youngs modulus MPa 960–1000
Density Kg/m3 941–967
Melting point ◦C 130–133
Coefficient of thermal elongation % 20–100
Impact resistance J/m 27–160

2.1.2. Sand

High-quality, naturally occurring quartz stone that has been carefully chosen and finely
processed is used to make the high-purity quartz sand (SiO2 ≥ 99.5–99.9%, Fe2O3 ≤ 0.001%).
High-purity quartz sand produces glass, refractories, ferrosilicon flux, ceramics, grinding
materials, and casting-moulding quartz sand. It has significant anti-acid medium-erosion
properties for making concrete that is resistant to acid [21].

The particle size range of 0.1–0.3 mm was selected for the experiment. Quartz sand
chemically resistant, and because it has a higher melting temperature than metals, it is used
as a foundry sand and can be used for manufacturing bricks. Table 2 shows the properties
of quartz sand. Quartz sand was purchased from OBI Markt, Kaiserslautern, Germany.

Table 2. Properties of quartz sand [22].

Property Units Value

Specific gravity - 2.45
Water absorption % 1.9
Fineness modulus - 2.2

67



J. Compos. Sci. 2023, 7, 111

2.1.3. Bitumen

Bitumen is mainly used for construction because of its higher binding characteristics;
it is less costly compared to other binding materials. Bituminous materials have adhesive
properties, are soluble in carbon disulphide, and are mostly made of high-molecular-weight
hydrocarbons produced by distilling petroleum or asphalt [23]. Bitumen is also known for
its binding properties. In this experiment, different percentages of bitumen (1%, 2%, and
3%) were considered. Table 3 shows the properties of bitumen. Bitumen was purchased
from BAUHAUS, Ludwigshafen, Germany.

Table 3. Properties of bitumen [24].

Property Units Value

Specific gravity - 22.4
Softening point ◦C 35–70
Ductility m 0.0264

2.2. Methodology
2.2.1. Mould Design

A rectangular aluminium mould with (230 × 120 × 150) mm dimensions was man-
ufactured. There were four side plates, a base plate, and a top plate on the brick mould.
Figure 1 illustrates the cutting of four plates with a thickness of 10 mm and dimensions of
230 mm × 150 mm. Since it was positioned on a flat surface, the base plate’s thickness was
reduced to 5 mm, significantly reducing the possibility of deflection. In order to make it
simple to apply pressure to the molten mixture and facilitate the easy removal of the brick,
the top plate was fastened with a knob-shaped component. An Allen key of 8 mm was
used to assemble the plates after they were drilled with 8 mm holes.

 
Figure 1. Mould design.
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2.2.2. Plastics Collection

Initially, used HDPE containers/bottles were collected and cleaned with warm water.
Next, the HDPE waste was dried to enable further processing without any moisture
content. These plastics were then broken down into smaller pieces using a shredding
machine containing a series of rotating blades that cut the plastic containers/bottles into
small pieces. The sizes of these pieces ranges from 1 mm to 5 mm. To produce the desired
brick, these plastics were then melted with sand.

2.2.3. Quartz Sand and Bitumen

A small quantity of bitumen was added as a binding agent to increase the strength
of the brick, induce better bonding of granules and cover any voids. Different amounts
of bitumen were added to the sample to determine the maximum strength (0%, 1%, 2%,
and 3%). The mixing ratios of plastic and sand were varied (3:1, 3:2, 1:1, 2:3, and 1:3). The
mixture was then heated using a kneader to firmly bond the plastic and sand.

2.2.4. Shredding and Mixing

The mixture was heated in the kneader until the plastic melted and firmly bonded
with the sand. The kneader was operated at a temperature of 180 ◦C and a rotational speed
of 40 rpm. The resulting lump immediately solidified and hardened, making melting in
a hot press difficult. These lumps were subsequently granulated into tiny particles using
a grinder. The mixture was then poured into a mould of the appropriate size and set in
the hot press. It was left for about an hour at a temperature of 300 ◦C, which was higher
than the melting point of the plastic. As the plastic granules began to melt, pressure was
applied (about 15 bar) to the top plate of the brick to obtain the desired shape and thickness.
The specimens were subjected to a compressed force of 1 kN to make the material more
compact and reduce the number of voids. The pressure was applied during the cooling
down of the press tool to ambient temperature. As a result of the rapid cooling, the bending
of the brick could be observed after demoulding.

2.3. Test Equipment and Test Parameters
2.3.1. Compression Tests

The compression strength of the plastic bricks was tested using the DIN EN ISO 604.
Twenty bricks were tested in total. Because of their ductile nature, the bricks were cut
into 10 mm × 10 mm × 10 mm pieces and tested on a compression machine. The load
was applied until the brick broke or showed deformation. The test was performed on
a Universal Testing Machine with a maximum force of 100 kN at a speed of 1 mm/min.
The ultimate stress at which the brick deformed or broke was noted, and the compressive
strength was calculated using the formula shown in Equation (1).

Compression strength =
P
A

(1)

with
P as the maximum load [kN] and
A representing the area of the specimen [mm2].

2.3.2. Water Absorption Tests

The test was used to determine the amount of water absorbed by the brick. The quality
of the brick was determined by its water absorption rate, with a lower water absorption
rate considered the best. The bricks were heated to remove any moisture content. The
weight of the dry brick was noted as W1. The brick was then fully immersed in water
and undisturbed for 24 h. After 24 h, the brick was removed from the water and gently
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wiped with a cloth. The weight of the wet brick was noted as W2. The percentage of water
absorbed was calculated using the formula shown in Equation (2).

Water absorption =
W − W1

W1
∗ 100% , (2)

with
W being the weight of the dry brick [kg]
W1 being the weight of the wet brick [kg]

2.3.3. Efflorescence Test

The test was used to determine the presence of hazardous alkalis in bricks. A circular
vessel was used, and enough water was added for testing. The immersion depth was
25 mm. The bricks were then soaked in distilled water for 24 h. After 24 h, the bricks were
removed from the vessel and dried for the same period. A high-quality brick should not
possess any alkalis on the bricks and should be free of soluble salts. If alkalis were present
on the bricks, efflorescence might occur, resulting in a layer forming. Table 4 shows the
percentage of alkali presence.

Table 4. Percentage of alkali presence after efflorescence test.

Efflorescence Test Extent of Deposits

Nil 0%
Low ≤10%
Medium 10% to 50%
Heavy More than 50% without powdered flakes
Serious More than 50% with powdered flakes

2.3.4. Test to Determine the Relative Rise in Temperature

The test aimed to determine how much the temperature would increase on one side of
a brick when the other side was in direct contact with a heat source. A simple setup was
created, with the brick as a dividing wall. An electric induction plate was used and heated
to a temperature of 410 ◦C. One side of the brick was placed next to the plate, while the
other was exposed to room temperature. The brick was heated for three minutes, resulting
in an increase in the temperature. After three minutes, the temperature on both sides of the
brick was measured, and the relative rise in temperature was calculated.

3. Results

3.1. Compression Test

The test was carried out at a speed of 1 mm/min using a Universal Testing Machine
(UTM). A total of five brick samples were taken, consisting of 20 bricks in total. The
following results were obtained. The stress values were recorded when the strain value
was 0.2, which is acceptable in most applications.

3.1.1. Brick Sample 1 (Plastic:Sand—3:1)

Figure 2a shows that the bricks with more plastic (i.e., a plastic-to-sand ratio of 3:1) had
higher compression strengths. When 0% bitumen was added, the strength of the brick was
22.08 MPa; when bitumen was added, the values varied between 26.6 MPa and 33.46 MPa,
with 2% (9 g bitumen) being the optimal amount; and as bitumen was removed, the value
fell to 31.8 MPa. The highest strength was attained at an optimal bitumen percentage of 2%
(i.e., 9 g bitumen).
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure 2. Results of brick sample 1. (a) Compression strength values of brick plastic to sand 3:1.
(b) Stress-strain curve with 0 g bitumen. (c) Stress-strain curve with 4.5 g bitumen. (d) Stress-strain
curve with 9 g bitumen. (e) Stress-strain curve with 13.5 g bitumen.

3.1.2. Brick Sample 2 (Plastic:Sand—3:2)

The bricks with a plastic-to-sand ratio of 3:2 produced the best results among all other
bricks, with each brick having a compression strength that was almost higher than that of
other bricks, as seen in Figure 3a. The value of the compression strength was 22.7 MPa if no
bitumen was applied, and it grew further when bitumen was deposited, rising to 28.7 MPa
and reaching a maximum of 37.5 MPa, before decreasing to 33.9 MPa as additional bitumen
was added, with the optimum being 2% (i.e., 9 g bitumen).
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(b) (c) 

  
(d) (e) 

Figure 3. Results of brick sample 2. (a) Compression strength values of brick plastic to sand
3:2. (b) Stress-strain curve with 0 g bitumen. (c) Stress-strain curve with 4.5 g bitumen. (d) Stress-
strain curve with 9 g bitumen. (e) Stress-strain curve with 13.5 g bitumen.

3.1.3. Brick Sample 3 (Plastic:Sand—1:1)

The bricks with the same percentage of plastics and sand showed average results
compared to those with more plastics. Figure 4a indicates that the brick without bitumen
had a compression strength of 19.39 MPa. Adding bitumen by 4.5 g and 9 g increased
the value to 24.28 MPa and 29.18 MPa. The strength again dropped to 27.82 MPa as the
bitumen content was increased to 13.5 g.
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(b) (c) 

  
(d) (e) 

Figure 4. Results of brick sample 3. (a) Compression strength values of brick plastic to sand 1:1.
(b) Stress-strain curve with 0 g bitumen. (c) Stress-strain curve with 4.5 g bitumen. (d) Stress-strain
curve with 9 g bitumen. (e) Stress-strain curve with 13.5 g bitumen.

3.1.4. Brick Sample 4 (Plastic:Sand—2:3)

From Figure 5a, the results of the bricks with a lower plastic percentage (i.e., plastic:
sand—2:3) showed less strength compared to the bricks with an equal plastic–sand ratio
and the bricks with more plastic, with the highest strength being 26.49 MPa for 9 g bitumen
and decreased to 25.6 MPa when the bitumen was increased again to 13.5 g.
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(d) (e) 

Figure 5. Results of brick sample 4. (a) Compression strength values of brick plastic-to-sand 2:3.
(b) Stress-strain curve with 0 g bitumen. (c) Stress-strain curve with 4.5 g bitumen. (d) Stress-strain
curve with 9 g bitumen. (e) Stress-strain curve with 13.5 g bitumen.

3.1.5. Brick Sample 5 (Plastic: Sand—1:3)

Out of all the bricks, the bricks with the lowest percentage of plastic (i.e., 25%) exhibited
very low compression strength even when bitumen was added, which had a strength of
25.36 MPa for 9 g bitumen and the lowest being 16.8 MPa with no bitumen, as seen in
Figure 6a. Even in this case, the strength declined as bitumen content increased.
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Figure 6. Results of brick sample 5. (a) Compression strength values of brick plastic-to-sand 1:3.
(b) Stress-strain curve with 0 g bitumen. (c) Stress-strain curve with 4.5 g bitumen. (d) Stress-strain
curve with 9 g bitumen. (e) Stress-strain curve with 13.5 g bitumen.

Compression strength was found to be greater in samples with 60 percent plastic,
so the mean stress of these samples was calculated. The bricks were initially tested for
compression, and five observations were recorded. The stress values were added and di-
vided by the number of observations to determine the mean stress. The standard deviation
was also calculated to understand the range and distribution of compression stress values.
Table 5 shows the mean value of compression stress. Figure 7 shows the standard deviation
values.

Table 5. Mean value of compression stress.

Plastic% Units 0 g Bitumen 4.5 g Bitumen 9 g Bitumen 13.5 g Bitumen

60 MPa 19.644 24.772 30.48 28.284
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Figure 7. Standard deviation value of compression stress.

3.2. Water Absorption Test

The test was carried out by the weighing of all 20 bricks in their dry state. The weights
were measured, and the bricks were submerged in water for 24 h, as shown in Figure 8a.
The weights of all 20 bricks were noted after 24 h, as shown in Figure 8b. The water
absorption was calculated using Formula (2). It was evident from the graph that plastic
bricks had a lower water-absorption rate. Bricks with more plastics (i.e., a ratio of 3:1 plastic
to sand) tend to absorb less water than bricks with fewer plastics (i.e., a ratio of 1:3). When
the plastic content was higher in the bricks; there was less chance of water molecules filling
the voids in the plastic–sand mixture. All plastic bricks had an overall water absorption
rate of less than 1%. Figure 9 shows the water absorption rate on different composition of
plastic bricks.

  
(a) (b) 

Figure 8. Performing the water absorption test. (a) Bricks immersed in water. (b) Weight check after
24 h.
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Figure 9. Water absorption rate on different composition of plastic bricks.

3.3. Efflorescence Test

The efflorescence test showed impressive results on plastic bricks with zero presence
of alkalis on almost all of the bricks. Bricks with a lower percentage of plastics had fewer
alkalis, whereas bricks with a higher percentage had no significant alkalis. For bricks made
of 1:3 plastic and sand, all of the bricks exhibited a small number of alkalis. However,
bricks made of 3:1 and 3:2 plastic showed excellent results, with no alkalis or other white
particles. Table 6 shows the severity of the alkali presence on the bricks.

Table 6. Efflorescence test on different composition of plastic bricks.

Plastic: Sand
Bitumen

0 g 4.5 g 9 g 13.5 g

3:1 Nil Nil Nil Nil
3:2 Nil Nil Nil Nil
1:1 Nil Nil Nil Nil
2:3 Slight Slight Nil Nil
1:3 Slight Slight Slight Slight

3.4. Test to Determine the Relative Rise in Temperature

This test was used to determine the relative rise in temperature by placing the bricks on
a heat source. The temperature differential between the two faces of the bricks with different
plastic compositions was depicted in the table. The temperature difference increased as
the amount of plastic increased, indicating that heat conduction decreased. This was a
result of plastics having a lower heat conductivity than sand. The study involved testing
samples that did not contain bitumen to measure the temperature that rose on one side of
the brick when the other side was exposed to heat. This test aimed to evaluate the thermal
conductivity of the brick material. The bitumen in plastic sand bricks can make them soft
and malleable at elevated temperatures. However, this was not a factor in this test, since
the samples being tested did not contain bitumen. Additionally, the bitumen used in these
plastic sand bricks was typically relatively small (i.e., 1%, 2%, 3%) and did not significantly
contribute to temperature rise. The test was conducted over a relatively short period (i.e.,
3 min). As a result, the temperature difference observed between the various samples
was comparatively small. If the testing time is prolonged, the brick will eventually melt,
leading to an uneven surface area at the source. This can result in inaccurate temperature
measurements on the other side of the brick.
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4. Discussion

The idea of using HDPE bricks instead of standard bricks was to turn waste plastic
into a usable product. Using a novel manufacturing process, the primary goal of the study
was to determine the ideal plastic-to-sand ratio. Brick samples can be prepared by varying
the proportion of plastic in the mixture. The proportions considered were 75%, 60%, 50%,
40%, and 25% by weight. In samples where 75% plastic was used, bitumen was added in
proportions of 1%, 2%, and 3% by weight. It was observed that the compression stress of
the bricks increased gradually as the amount of bitumen was increased until it reached
a maximum stress of 33.46 MPa. However, if the amount of bitumen added exceeded
2%, the bricks became softer. This can be observed in Figure 2a, where the stress value is
decreased to 31.8 MPa. Due to its good adhesive property, bitumen was used to increase
the strength of the bricks, even though the plastic in the mixture was sufficient to bind the
sand. However, excessive amounts of bitumen had a negative impact on the quality of the
bricks.

It was observed that the strength of bricks could be improved by varying the propor-
tion of plastic used in the mixture. Specifically, when the amount of plastic was reduced by
15%, the stress values increased from 21.2 MPa to 22.6 MPa. The stress values decreased
to 16.25 MPa when the amount of plastic was further reduced to 25%. Moreover, when 9
g of bitumen was added to a sample containing 60% plastic, the stress values reached a
maximum of 37.5 MPa.

The increase in stress values with a reduction in the amount of plastic or the addition
of bitumen was likely due to the changes in the physical properties of the brick. With a
reduction in the amount of plastic or adding bitumen, the interlocking of the sand particles
can be improved, leading to increased strength and stress values. However, adding too
much bitumen may have adverse effects, as it can make the bricks softer and weaker. The
mixture of 60% plastic and 9 g bitumen in sand produced the strongest results. The average
stress of all the samples was found to be 25 MPa, and it was noted that the majority of
stress readings deviated by an average of 2.54 MPa from the average stress. In order to find
the average compression stress, a set of five observations of compression stress values were
taken and mean stress was calculated. Additionally, the standard deviation was calculated
to find the spread or variation in the compression values. This helped in the assessment of
risk and of how much the stress values differed from the mean stress.

Bricks should absorb the least amount of water possible. As seen in Figure 9, the
water absorption test demonstrated that no bricks absorbed more water than 1% after
being soaked for 24 h. This is especially helpful in the construction sector, because when
bricks absorb more water, damage to the building arose. This test is also valuable in areas
where water leakage is a primary concern. The bricks with the highest water absorption
percentage were 0.9%. The decrease in plastic content in bricks increased their water
absorption rate, with most bricks having a water absorption rate of around 0.2%. However,
as plastic content decreased, the water absorption rate increased, potentially reaching a
rate of 0.9%. The permissible range was 1% to 2%, while zero was the best value for a brick.
The 0.9% water content was caused by the tiny gaps between the granules and the quick
cooling of the bricks in the hot press.

The efflorescence test (Table 6) demonstrated that there were no soluble salts or alkalis
present on the bricks with higher plastic–sand ratio (i.e., 3:1, 3:2, and 1:1), but the bricks
with less plastic (i.e., 2:3) showed a slight alkali presence. When bitumen percentage
increased, the alkalis were reduced, and for the ratio of 1:3, all bricks showed alkalis,
which demonstrated that with more plastics, the presence of alkalis decreased. The relative
temperature rise shown in Table 7 demonstrated that the temperature difference was
greatest for bricks that contained the most plastic and bitumen. As a result, the temperature
transfer from one side of the brick to the other took longer, which could be advantageous
in a fire accident. The results showed that the initial temperatures of the bricks were all
around 19.2 ◦C. When the samples were placed on a heat source maintained at 400 ◦C, the
temperatures at the left and right faces of the bricks after 3 min ranged from 325 ◦C to
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338 ◦C and 42 ◦C to 62 ◦C, respectively. It was observed that the temperature difference
increased as the amount of plastic in the bricks increased, indicating that heat conduction
was decreasing.

Table 7. Temperature difference of different bricks.

Plastic %
Initial Temperature

[◦C]
After 3 min, Temperature

at Left Face [◦C]
After 3 min, Temperature

at Right Face [◦C]
Temperature

Difference [◦C]

75 19.2 325 42 283
60 19.2 328 48 280
50 19.2 327 51 276
40 19.2 330 56 274
25 19.2 338 62 276

As in Kulkarni’s [17] study, bitumen was added after the HDPE and quartz sand were
ground into granules. This caused the bitumen to be distributed equally, which strength-
ened bonds. It was discovered through several tests, including the efflorescence, water
absorption, and compression tests, that HDPE bricks performed better than conventional
bricks. The combination of high-density polyethylene, sand, and bitumen in this study in-
creased the strength of the brick. The bricks’ compression strength gradually improved for
the plastic sand ratio, rising from 22.08 MPa with 0% bitumen to a peak of 33.46 Mpa with
2% bitumen and falling just short of 32 MPa for 3% bitumen. These results suggested that
bitumen aided in fusing sand and plastic, increasing the strength of the brick. During the
initial point of the compression test, no stress was observed, indicating that the specimen
may have been able to undergo further compression and that a more compact specimen
could be made with less thickness.

5. Conclusions

This research work inferred that recycling plastic waste for building projects was the
way of the future, as it would help reduce plastic waste and the price of bricks in the
construction industry. HDPE, quartz sand, and bitumen were used in this research work to
make bricks, and it was found that this combination led to an improvement in the strength
of the bricks while reducing their weight. Additionally, the cost of these bricks was almost
50% less than conventional bricks. The cost of one conventional brick is around 0.20 to
0.50 euros. However, the cost of one plastic sand brick is around 0.092 euros, including
the raw materials cost (i.e., for 1 kg of plastics, it costs 0.33 euros; for 1 kg of quartz sand,
it costs 0.248 euros; and for 2% bitumen by weight (9 g), it costs 0.057 euros). HDPE and
bitumen made the bricks more water-resistant by reducing their permeability, and quartz
sand improved the binding between the plastics due to its strong binding properties.

This research indicates that adding bitumen to bricks can significantly enhance their
tensile strength, with a maximum value of 37.5 MPa observed. However, it is important
to note that an increase in the proportion of bitumen led to a decrease in the strength of
the bricks. Therefore, it is recommended to use bitumen in moderation (i.e., around 9 g to
13.5 g) to achieve optimal results. Additionally, the combination of HDPE and quartz sand
ensured that the bricks were void-free and free of alkalis, making them a suitable choice for
the construction industry.

Overall, bricks with a bitumen content of 2% (i.e., 9 g of bitumen) and a plastic–sand
ratio of 3:2 showed better properties than other bricks. Every brick had a compression
strength that was better than typical clay bricks. For use in building, homes, and pallets,
bricks with a higher percentage of plastics were preferable to those with a lower percentage
of plastic (i.e., 2:3 and 1:3) since the bricks with fewer plastics possessed a significantly
lower compression strength and a higher presence of alkalis. Plastic bricks are the best
option for construction, parking chairs, and pathway pallets since they are very light, have a
good load bearing capacity, have less water absorption, are inexpensive, and can gradually
reduce plastic waste.
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Although this is a useful method for recycling used plastic, plastic has the potential
to emit greenhouse gases when used in excessively high temperatures. Conducting this
experiment in a vacuum is always advised so that the carbon atoms released during heating
cannot produce carbon dioxide and carbon monoxide, which affects the environment.

Further, this formula can be developed into high-strength tiles and hallow interlocking
bricks that could replace the current materials without compromising strength. It was also
found that the surfaces of the bricks were smoother. Hence, this process can be used to
manufacture parts that need surface lubrication to reduce friction.
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Abstract: The most susceptible area of a structural member, where the most inelastic rotation would
take place, is the plastic hinge. At this stage, flexural elements in particular achieve their maximal
bending flexibility. This study uses finite element analysis (FEA) and experimental inquiry to analyze
and test the effects of carbon fiber mesh jacketing and steel fiber reinforcement at the concrete beam’s
plastic hinge length subjected to a vertical monotonic load. The compressive strength, split tensile
strength, and flexural strength tests are used to evaluate the mechanical qualities, such as compressive
strength and tensile strength, of M25 grade concrete that is used to cast specimens. While conducting
this analysis, seven different parameters are taken into account. After the conventional concrete
beam has been cast, the steel-fiber reinforced beam is cast. Several empirical formulas drawn from
Baker, Sawyer, Corley, Mattock, Paulay, Priestley, and Park’s methods were used to calculate the
length of the beam’s plastic hinge. Finally, the steel fiber was inserted independently at 150 mm
into the concrete beam’s plastic hinge length mechanism using the techniques described by Paulay
and Priestley. The analytical and experimental results are compared. The results obtained from the
investigations by applying monotonic loads to the beam show that fibers used at specific plastic
hinge lengths show a 41 kN ultimate load with 11.63 mm displacement, which is similar to that of
conventional beam displacement, and performance. Meanwhile, the carbon fiber mesh wrapped
throughout the beam behaves better than other members, showing an ultimate load of 64 kN with a
15.95 mm deflection. The fibers provided at the plastic hinge length of the beam perform similarly to
those of a conventional beam; eventually, they become economical without sacrificing strength.

Keywords: steel fiber reinforced concrete beam; carbon fiber mesh; jacketing; monotonic loading;
plastic hinge length

1. Introduction

The strengthening and restoration of existing structures is a hot issue these days,
attracting the attention of both researchers and engineers. The possibilities presented
by new materials and technologies ideal for granting the best performance of existing
structures have given a new pulse to the research of matrix composites such as fiber-
reinforced polymers (FRP) and fiber-reinforced concrete (FRC) in this context. The most
widely used construction material in the world is concrete. It is a composite material mainly
composed of materials like cement, fine aggregate, coarse aggregate, and water. These
materials are mixed to get a fluid material that is cast into different shapes according to need.
The materials used in concrete have different physical properties. Under compression,
concrete behaves well, whereas it is weak under tension. To improve the behavior of
concrete under tension, reinforcements are provided to the concrete member. To enhance
the quality of concrete, different additives and admixtures are added to the concrete
depending upon the need. Enhanced durability and strength of concrete can be achieved
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by changing ingredients like cement and aggregate. There are different grades of concrete
depending upon the mixed proportions of the materials used and also its strength. The
concrete is prepared according to the mix designs of different grades. They are cast into
different shapes according to their needs. The concrete gets hardened after which the
concrete is allowed for the curing process for different time durations like 3 days, 1 week,
2 weeks, and 4 weeks. RCC is a type of concrete where reinforcement is provided to the
cement-aggregate matrix to increase its tensile strength and durability. Steel reinforcing
bars, otherwise called rebars, are used mostly as reinforcement in concrete to improve
its behavior in the tension zone of concrete. Different members of a structure, like slabs,
beams, columns, and foundations, are reinforced with rebar to counteract different forces
like axial, compression, shear, flexure, and torsion. Meanwhile, fiber mesh strengthening
also influences the behavior of members by influencing load and displacement. Excellent
strength and modulus along with the strength-to-weight ratio of carbon fiber mesh take
advantage of other mesh such as glass fiber mesh, basalt fiber mesh, and kevlar mesh in
strengthening characteristics.

Carbon fiber mesh is widely used in many industries because of its high strength, low
density, and thinness. It also does not increase the self-weight of reinforced components
or cross-section size. Jacketing is the technique of strengthening the reinforced cement
concrete (RCC) columns that have weakened over a period of time as a consequence
of poor maintenance or weather-related conditions. Other issues that arise during the
building phase include design flaws, poor concrete manufacturing, and sloppy execution
procedures. For this reason, the study is devoted to the definition of a “ductile” FRC
material, characterized by limited softening, or better yet, by plastic behavior by achieving
ultimate strain. The composite material is then applied as a thin layer on reinforced concrete
(RC) beams, and the strength and ductility characteristics of the structure are evaluated
with analytical and experimental models.

The mechanical behavior of concrete, such as concrete strength, split tensile strength,
and flexural strength, can be enhanced by adding different types of fibers to the concrete
mix. The tensile strength of the mix can be enhanced by the usage of fibers. It also resists
crack growth in the concrete members. The major classification of fibers is natural and
synthetic. The most effectively used synthetic fibers are steel fiber, glass fiber, polypropylene
fibers, etc. Steel fiber comes in a variety of shapes and sizes, including hooked edge, flat
edge, and hooked flat edge. Hooked edge and hooked flat edge fibers offer greater benefits
than the others. Furthermore, fibers with a high aspect ratio have a greater capability for
energy absorption. Steel fiber reinforced concrete increases the ductility and mechanical
qualities of the concrete by reducing its brittleness. The kind and volume of steel fiber used
in the concrete determine the mechanical qualities of steel fiber reinforced concrete (SFRC).
The fiber dose ranges from 0% to 2% of the total volume of concrete. After modelling, the
first phase of the experiment examined the mechanical properties of both conventional
and SFRC concrete [1,2]. The length of a plastic hinge can be calculated using a variety of
expressions. In this investigation, Priestley and Park’s expressions are employed. Instead
of employing steel fiber across the slab, the fiber can be used solely along the length of
the plastic hinge, as it offers similar resistance. It will cut down on the use of steel fiber.
Findings of the tests says, giving steel fibers along the plastic hinge length (PHL) is more
effective and cost-effective for practical application. The largest bending moment would
occur at the plastic hinge length, which is thought to be the seriously damaged section of the
RCC member and will suffer increased inelastic deflection in the member [3,4]. The length
of plastic hinges has drawn more interest from researchers in recent years. Experimental
research on plastic hinge length is used to determine how well it can bend while supporting
a load [5]. When the RCC element is loaded, it deforms in an inelastic manner, creating
zones where the bending moment is higher than in other locations. As the applied stress
grows, the zones have a propensity to rotate until the ultimate hinge is formed, which
would result in the structural component collapsing. The length of the rebar-yielding zone
is thought to represent the upper bound of the three physical inelastic deformation zones
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since it has a value that has never exceeded twice the effective depth of the cross-section in
any of the conditions evaluated in this study. The diameter of the rebar under stress has a
diminished influence on the member’s plastic hinge length and flexural capacity as a result
of its effect on bond strength. The genuine plastic hinge zone is much smaller than the
member’s yielding zone, which accounts for the majority of the plastic rotation. None of
the empirical models for forecasting plastic hinge length that are currently available have
taken into account all of the important variables that affect the result [6,7].

Numerous examinations have already been conducted on various RC member kinds
(beams, columns, and walls). Following that, member geometry and mechanical proper-
ties were used to represent the deformations of RC members at yielding or failure under
cyclic loading. In general, although with a sizable dispersion, the yield and final curva-
ture calculations based on the plane-section assumption agree well with the test results.
Additionally, it has been demonstrated that models with curved surfaces, ultimate drift,
and chord-rotation capability are accurate. The rotational capacity, the load–displacement
behavior, and the reinforcing strain and stress distributions were all taken into account in
a computer model that was developed and validated using available experimental data.
The concrete crush zone, curvature localization zone, and genuine plastic hinge length are
all studied using the calibrated FEM model (PHL). The plastic hinge length is examined
using parametric studies in relation to reinforcement, concrete mechanical characteristics,
element size, and flexural modulus. This FE model can be used to perform a simulation
analysis of the plastic hinge zone in RC members, from which plastic hinge length can be
calculated. It is concluded that the plastic hinge length should be designed properly with
reinforcement to make the structural elements more ductile.

According to this article, large bond stresses exist in zero shear zones, and overall
shear and local bond pressures are directly related. Deformed bars without hooks of the
kind and embedment utilized in this series produced bond strengths high enough to cause
bar fracture rather than bond failure in all specimens [8]. Mattock’s formulas overestimate
hinge lengths by a large amount. In many beams, Sawyer’s calculations overstate the hinge
lengths [9]. Although in some formulas, the lengths of plastic hinges are overestimated,
the forecasts are more accurate than the experimental measurements. For beams with axial
loads, Park formulas provide reasonable estimates. The hinge span of all flexural member
are underestimated by the Baker and Amerakone formulas. Several expressions have been
offered for estimating the corresponding plastic hinge lengths of flexural member and axial
member, with Corley, Mattock, Paulay, Priestley, Panagiotakos, and Fradis also proposing
some of the expressions [10]. The results of Paulay and Priestley, Panagiotakos, and Fradis
indicate a similar trend to those of Finite Element Modelling. Mattock’s expression was
created with monotonic loading in mind, whereas the others were created with cyclic
loading in mind [11].

The experimental examination on the mechanical properties of high-strength concrete
used various combinations of steel fibers together with steel bar reinforcement. According
to our experimental examination, the kind and volume of steel fiber employed in the mix
design affects the rise in compressive strength, tensile strength, shear, flexural toughness,
and resistance [12]. The behavior of slabs in terms of flexure due to the addition of fibers
was studied. The ratio of steel fibers used in this experimental investigation is 0.5%, 1%,
and 1.5%, respectively. This project concludes that the fibers with a high aspect ratio
provide more energy absorption capacity, similar to the studies conducted by previous
researchers [13–16]. The length of the plastic hinge zone is a significant design parameter
that should be closely regulated in order to maximize the flexibility of the member and
make it capable of withstanding severe events like earthquakes.

The behavior of plastic hinges is highly complicated because of the materials’ signifi-
cant nonlinearity, contact, relative movement between the component materials, and strain
localization. As a result, the majority of researchers used experimental testing to investigate
the problem. Using experimental and computational investigations, it is determined how
fiber clustering affects the fatigue behavior of steel-fiber-reinforced concrete (SFRC) beams
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with reinforcements. In order to comprehend the underlying process better, an experi-
mental research of the fiber dispersion in the concrete cross-section was carried out. The
findings indicated that the fatigue life of the beam rose as the percentage of fiber volume
grew. The shear strength of steel fiber-reinforced concrete beams has been predicted using
a mechanics-based mathematical model that considers the effects of all shear-resisting
mechanisms (without transverse reinforcement). When the suggested model’s efficacy was
evaluated using a range of datasets, it shown strong correlations with experimental results,
with a mean, standard deviation, and coefficient of variation of 0.94, 0.22, and 22.99 percent,
respectively. It has also been postulated how each shear-resisting mechanism contributes.
The application of SFRC improves the flexural and cyclic responses of reinforced concrete
bridge deck slabs [17]. In other cases, cyclic loads were applied to a plain concrete slab, two
SFRC slabs reinforced with mill-cut steel fibres and corrugated steel fibres, respectively [18].
Concrete used in building is made with regular Portland cement (OPC). Due to its low cost
and easy availability of raw materials, it is the most widely used construction material.
OPC manufacturing, however, necessitates calcareous and argillaceous ingredients and
is energy-intensive. Calcination and the burning of fossil fuels are the primary causes of
greenhouse gas emissions during the manufacturing of OPC [19,20].

A solid 3D shell element 190 with finite strain was utilized in a finite element study
for the composite material IM7/8552 to assess the validity of the finite element method.
How pre- and post-failure material nonlinearity in composite materials functions has
been discussed. It was discovered that IM7/8552 failed as a result of the orthotropic
features of its material nonlinearity. The solution showed optimal and precise convergence,
and the finite element analysis findings were successfully confirmed [21]. Finite element
software ABAQUS 6.13 is used to run complementary FE simulations using RVE in order
to rationalize the full set of micromechanical models that were described in the previous
section. In the micromechanics-based technique for the efficient determination of the
elastic characteristics of fiber-reinforced polymer matrix composites, the outcomes of FE
simulations are compared with experimental observation [22]. The results of 15 push-off
tests provided a precise evaluation of the longitudinal splitting characteristics of a concrete
slab in a distinctive steel-concrete composite beam with headed shear stud connections [23].
Concrete’s strength is decreased when PEG-600% content rises with concentration. As
a consequence, 0.5% to 1% PEG-600 employed as an internal curing agent in concrete
increases its effectiveness [24–26].

Strain, load-deflection responses, cycles of deformation, and fracture growth was
examined. The results show that adding SFRC to deck slabs improves cyclic deformation
behavior, decreases residual strain in the slab section, and improves crack behavior by
lowering residual fracture breadth and raising cracking stiffness. The mechanical charac-
teristics of conventional and fiber-reinforced concrete, as well as the calculation of plastic
hinge length, are the only topics covered by the prior study. The utilization of steel fiber-
reinforced concrete and fiber mesh along the length of the beam’s plastic hinge has not
been studied. This work addresses this problem by applying fiber and mesh internally and
externally on the specific plastic hinge length obtained from various expressions which
improve the performance of the Beam under bending.

2. Plastic Hinge Length (PHL)

When the load is applied to a structural member, the member undergoes bending.
When the applied load is increased further, the structure changes from elastic behavior to
plastic behavior at a particular moment value called the plastic moment. When a plastic
moment is reached in the member, the plastic hinge produced in the structural element.
This plastic hinge allows large inelastic rotations to occur in the structure. These rotations
make the structure change into a mechanism and make it fail without any warning. The
inelastic rotation occurs at a particular length during the application of load, and it is called
the plastic hinge length. Table 1 shows that the empirical formula derived by Baker, Sawyer,
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Coreley, Mattock, Park, Pristley, Paulay, Fardis, and Panagiotakos developed expressions
that may be used to calculate the non-elastic hinge span of members.

Table 1. Empirical formula to derive PHL.

Description Empirical Formula

Baker—1956 k(z/d)1/4d
Herbert and Sawyer—1964 0.25d + 0.075z

Corley—1966 0.5d + 0.2
√

d(z/d)
Priestley and Park—1987 0.08z + 6db

Paulay and Priestley—1992 0.08z + 0.022db fy

The following notation should be taken into consideration: d = effective depth of
beam or column; db = diameter of longitudinal reinforcement; fy = yielding stress of
reinforcement; and z = distance from critical section to point of contra flexure

The Paulay and Priestley formula (0.08z + 0.022db fy) was used to calculate the plastic
hinge lengths of beams. Paulay and Priestley equations were chosen since they give peak
plastic hinge span and consider both the span and size of the reinforcement of the beam.
The plastic hinge span was determined to be 150 mm. (Paulay and Priestley) [3].

3. Materials and Specifications

3.1. General

The experimental inquiry makes use of the following materials:

i. 53 graded Ordinary Portland cement is used in this study with a specific gravity of
3.14 according to the Indian standard IS 12269 (1987) [27] for conventional concrete.

ii. According to IS 383:1970 [28], M-sand is added as the fine aggregate of zone II for
conventional concrete that passes through 4.75 mm and has a specific gravity of 2.6.

iii. Coarse aggregate, 20 mm in diameter in dry condition with a specific gravity of 2.69
was used for casting concrete.

iv. Water is a major component in concrete because it is responsible for the workability
of the concrete. Portable water meeting requirements as per IS 456-2000 [29] is used
for casting and curing.

v. A fabric-reinforced bidirectional carbon mesh is designed to be field installed with
a cementitious matrix to create an FRCM as a composite system for structural
reinforcement applications. In particular, it makes beams and columns more flexible
structurally. Epoxy (Ly556) and hardener (HY951) were employed in a ratio of 1
(hardener) to 4 to bond carbon fiber mesh to concrete (epoxy). Figure 1 depicts the
carbon fiber mesh that was utilized in this work, and Tables 2–4 provide material
parameters for concrete, carbon fiber mesh, and steel fibers that will be used in
ABAQUS [30]. Table 5 displays the mix ratio and the material proportions.

vi. In this investigation, steel fiber with hooked ends was employed. The steel fiber
with the hooked end was chosen among the many fiber kinds because, as was
already explained, it is utilized to increase strength and offer additional anchoring
in the concrete. The steel fiber utilized had a diameter of 0.50 mm and a length of
30 mm. The steel fiber utilized has a 60 aspect ratio. The steel fiber utilized in this
investigation is seen in Figure 2.
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Figure 1. Carbon fiber mesh.

 

Figure 2. Steel fiber.

Table 2. Concrete properties.

Properties Conventional M25 SFRC M25

Density 2.3 × 10−9 2.3 × 10−9

Youngs Modulus (MPa) 25,000 29,025
Poisson Ratio 0.2 0.2

Table 3. Carbon fiber mesh properties.

Description Properties

Density 1750 kg/m3

Young’s modulus of elasticity 230,000 Mpa
Poisson’s Ratio 0.3

Fiber weight 200 g/m2

Tensile Strength 2500 Mpa
Thickness 0.048 mm

Table 4. Steel fibers properties.

Description Properties

Density 7.85 × 10−9

Young’s modulus of elasticity 200,000 Mpa
Poisson’s Ratio 0.3

Yield Stress 450
Plastic Strain 0.3
Geomentry linear
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Table 4. Cont.

Description Properties

Length 30 mm
Diameter 0.5 mm

Length/Diameter 1/60

Table 5. Mix design.

Component Quantity (kg/m3)

Cement 338.18
Fine Aggregate 723.96

Coarse Aggregate 1141.09
Water/cement 0.55

Mix ratio 1:2.14:3.37

3.2. Mix Proportions

For the target strength M25, the mix proportions chosen for the nominal mix with
cement shown in Table 5. For each mix, 9 cubes of 150 mm are casted for the determination
of compressive strength. Similarly, 9 cylinders of dimension 150 × 300 mm are casted for
the determination of split tensile strength. Vibrators were used to mix, pour, and compress
the concrete. The specimen was then taken out of the mold after 24 h and allowed to cure
for 7, 14, and 28 days in a curing tank.

3.3. Specimen Details

A cube specimen of proportion 150 mm was made for conventional concrete and
SFRC with a 1.5% dosage of the weight of concrete. The sample of the cube specimen
cast is represented in Figure 3a. A cylinder specimen of diameter 150 × 300 mm was cast
for conventional concrete and SFRC with a 1.5% fiber dosage of the weight of concrete.
The sample of the cylinder specimen cast is represented in Figure 3b. A flexure beam
specimen of size 500 × 100 × 100 mm was cast for both conventional and SFRC with a 1.5%
fiber dosage weight of concrete. The sample the of beam specimen cast is represented in
Figure 3c.

  
(a) (b) 

 
(c) 

Figure 3. Test specimens (a) Cube specimens (b) Cylinder specimens (c) Flexure beam specimen.
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3.4. Beam Specimens

A reinforced concrete beam of size 1500 × 150 x× 150 mm was cast according to IS
code (IS 456:2000) with reinforcements. Seven different beams are cast with varying param-
eters like plastic hinge length and carbon fiber mesh jacketing. Based on the mechanical
properties of the conventional concrete and SFRC, a differentiation study was made. The
steel fiber reinforced concrete with a fiber dosage of 1.5% of the total weight of the concrete
shows increased mechanical properties than other fiber percentages. Hence, beams are cast
with a 1.5% fiber dosage to the total weight of concrete. Researchers such as Baker, Sawyer,
Corley, Mattock, Park, Pristley, Paulay, fradis, and panagiotakos expressions developed by
them are used to calculate the lengths of plastic hinges on beams. Seven different beams
are cast by varying their parameters as shown in Figure 4a conventional beam, Figure 4b
carbon fiber mesh at the plastic hinge length of a conventional beam, Figure 4c carbon
fiber mesh jacketing for the total length of a control beam, Figure 4d steel fiber reinforced
concrete SFRC beam, Figure 4e SFRC only at the plastic hinge length (PHL) of a beam,
Figure 4f SFRC and carbon fiber mesh jacketing at the plastic hinge length of a beam, and
Figure 4g carbon fiber mesh (CFM) jacketing for total length with SFRC at the plastic hinge
length of a beam, respectively.

  
(a) (b) 

 
(c) (d) 

 
(e) (f) 

 
(g) 

Figure 4. Schematic representation of beam specimens. (a) Conventional beam. (b) Conventional
beam with CFM at PHL. (c) Conventional beam with CFM for full length. (d) Steel fiber reinforced
concrete (SFRC). (e) SFRC only at PHL. (f) SFRC and CFM at PHL. (g) Carbon fiber mesh (CFM)
jacketing for total length with SFRC at plastic hinge length.
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4. Analytical Investigation

Figure 5 depicts the design of a 1500 mm span, 150 mm wide, and 150 mm deep beam
using the standard finite element (FE) software ABAQUS, version 2020 [30]. The material
properties of M25 for concrete and Fe415 for steel were applied. A carbon fiber jacketing
technique was applied for the total length of a beam. The carbon fiber mesh model was
created as a shell type. For the longitudinal reinforcement, 12 mm in diameter and stirrups
of 8 mm in diameter were used. The reinforcement was placed with a cover provided with
25 mm on each side of a beam as shown in Figure 5. The concrete, reinforcement, and
stirrups are given constraints of the embedded region for interaction with each other. The
point load of 30 kN concentrated force and the boundary condition with both ends fixed
are applied.

  
(a) (b) 

  
(c) (d) 

Figure 5. Details of the finite element model for RC beams. (a) Conventional beam. (b) Reinforcement
details. (c) Beam with carbon fiber mesh jacketing for the total length. (d) Beam with carbon fiber
mesh at plastic hinge length.

Convergence Study

The convergence study was analyzed by applying different mesh sizes with the same
load. The mesh sizes of 200 mm, 150 mm, 100 mm, 75 mm, 50 mm, 40 mm, 30 mm, 20 mm,
and 10 mm were applied and analyzed for convergence. By taking the results of load and
displacement for each size, the convergence graph is drawn as shown in Figure 6. In the
graph, when the linear pattern of the line moves, the value is noted. The linear pattern
of line forms from 75 mm to 20 mm mesh size and the convergence value of 75 mm are
chosen for the study.
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Figure 6. Results of the convergence study.

5. Experimental Investigation

5.1. General

Concrete has the ability to bear compressive forces on its own. In this research work,
cube specimens of 150 mm are cast to test crushing strength. The casting was performed
for all of the combinations with varying steel fiber dosages. The cubes are cured for the
period of seven, fourteen, and twenty-eight days, respectively. The cubes were examined in
compression testing equipment after curing (CTM), as shown in Figure 7a. The split tensile
strength of ordinary concrete was measured using cylinders measuring 150 × 300 mm.
The cylinder was cured for 7, 14, and 28 days. The cylinders are examined in compression
testing equipment after curing (CTM) as shown in Figure 7b. For determining the flexural
strength of conventional concrete and SFRC, beams of size 500 × 100 × 100 mm were cast.
The testing of the beam is done in the compression testing machine (CTM) after the curing
period, as shown in Figure 7c.

  
(a) (b) 

Figure 7. Cont.
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(c) 

Figure 7. Testing of specimens. (a) Compressive strength test. (b) Tensile strength test. (c) Flexural
strength test.

5.2. Modulus of Elasticity

The modulus of elasticity was calculated by applying uniaxial compression to the
cylinder specimen and measuring the deformations with a dial gauge positioned between
the 200 mm gauge length, as illustrated in Figure 8. The test was carried out using a
compressometer in line with IS 516-1959 [31]. The cylinder specimens were installed on
a compression testing equipment, and a consistent load was applied until the cylinder
collapsed. The target load and deflection are taken into consideration.

  

Figure 8. Compressometer test for lateral strain and linear strain measurements.

The deflection values were determined as the strain value based on the length change.
The strain is calculated by dividing the applied load by the cylinder’s cross-sectional area,
and the stress is calculated by multiplying the dial gauge readings by the gauge length.
The deformation of various loads was measured in order to compute the Young’s modulus
of concrete for both the conventional and SFRC specimens. The findings are graphically
displayed versus the tension. The computed modulus of elasticity for conventional con-
crete with SFRC is 25.47 N/mm2 and 29.025 N/mm2, as indicated in Table 6. Analytical
modelling inputs are based on the outcomes of the test.
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Table 6. Modulus of elasticity of specimens.

S.No Specimen Modulus of Elasticity (MPa)

1 Conventional Plain Cement Concrete 25.47
2 Steel—Fiber Reinforced concrete 29.03

5.3. Monotonic Loading on Beams

The 200 kN load cell is fastened to the self-straining testing frame by a hydraulic jack,
and the beam is hinged on both sides. As seen in Figure 9, the repeated loading is delivered
at the middle of the beam’s top. To measure the deflection of the slab under loading until
the final failure cracks occur, a mechanical dial gauge is mounted below the loading region
of the beam.

 

Figure 9. Experimental setup for testing of beam.

6. Result and Discussion

6.1. Stress and Deflection

The point load of a 30 kN concentrated force and with simply supported boundary
conditions were applied. The mesh size of 75 mm was considered in the convergence study.
A peak load of 40 kN with a deflection of 12 mm in the loading direction was achieved.
From the analysis, the stress diagram is derived as mentioned in Figure 10. The maximum
stress concentration is visible near the support and loading areas.

 
(a) (b) 

Figure 10. Cont.
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(c) (d) 

 

(e) (f) 

 
(g) 

Figure 10. Stress Pattern- (a) Conventional Beam, (b) SFRC beam, (c) SFRC only at plastic hinge
length of a beam, (d) Carbon fiber mesh jacketing at Plastic hinge length of a conventional beam,
(e) SFRC and Carbon fiber mesh jacketing only at a plastic hinge length of a beam, (f) Carbon fiber
mesh jacketing for a total length of a conventional beam, (g) Carbon fiber mesh jacketing for total
length with SFRC at plastic hinge length.

Carbon fiber mesh jacketing for the total length of the beam achieved a peak load of
90 kN with a deflection of 18 mm. Meanwhile, a peak load of 65 kN with a deflection of
18 mm was attained by the beam strengthened with carbon fiber mesh at the plastic hinge
span location alone. Where the stress distribution evenly takes place throughout the span
of the beam, jacketing is done throughout the span. However, the stress concentration is
converging towards the mid-span.

The load was applied as displacement rotation and the boundary condition with
simple support was applied. The mesh size of 30 mm was considered in the convergence
study. From the analysis, the load-deflection graph is derived as shown in Figure 11.
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The maximum load of 57 kN with a deflection of 18 mm was achieved for a beam
reinforced with steel fiber throughout the span. Steel fiber reinforcement at the plastic hinge
length of the beam achieved the maximum load of 45 kN with a deflection of 18 mm. At the
same time, another set of beams are cast with SFRC and CFM together at the plastic hinge
length of the beam, which shows the maximum load of 60 kN, and the last beam jacketed
throughout the span with SFRC at the plastic hinge length achieved 92 kN. Hence, the beam
jacketed throughout the span with carbon fiber mesh withstand the ultimate load of 64 kN
due to the overall combined performance in reducing bending. Conventional RCC Beam
shows 50 kN ultimate load and 45 kN load achieved by SFRC at plastic hinge length. Steel
fiber at plastic hinge length with overall wrapping of carbon fiber mesh reached 11.58 mm
the least deflection due to resistance to deflection which shows drastic change in stiffness.
Conventional beam shows the maximum deflection if 17.8 mm due to the ultimate.
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Figure 11. Analytical load-deflection curve.

6.2. Experimental Results

The compression strengths of conventional concrete and SFRC for 7, 14, and 28 days
are shown in Table 7. Where steel fiber reinforced concrete on 28 of days curing shows the
maximum compressive strength of 31.2 N/mm2.

Table 7. Compressive strength.

Concrete Type
7 Days
(MPa)

14 Days
(MPa)

28 Days
(MPa)

Conventional 16.3 20.5 26.59
SFRC 1.5% 21.58 25.86 31.2

The split tensile strength of conventional concrete and SFRC for 7, 14, and 28 days
is shown in Table 8. The tensile strength of concrete improved by 4.76 N/mm2 after 1.5%
weight of steel fibers was added to the conventional concrete. Meanwhile, the flexural
strength of concrete also improved to 5.1 N/mm2 on 28 days curing as mentioned in Table 9.

Table 8. Split tensile strength.

Concrete Type
7 Days
(MPa)

14 Days
(MPa)

28 Days
(MPa)

Conventional 2.54 3.61 3.9
SFRC 1.5% 3.02 4.45 4.76
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The Flexural strength of conventional concrete and SFRC for 7, 14, 28 days are shown
in Table 9.

Table 9. Flexure strength.

Concrete Type
7 Days
(MPa)

14 Days
(MPa)

28 Days
(MPa)

Conventional 2.1 3.2 4.12
SFRC 1.5% 2.92 3.9 5.1

6.3. Ultimate Load and Deflection of Beams

The ultimate load and defection of the beam are determined by testing the beam with
one-point loading as shown in Figure 12, and the ultimate load and deflection of the RCC
beam are shown in Table 10. The ultimate load of 64 kN was attained by a beam where
carbon fiber mesh jacketing was done for the full length. In the same way, the SFRC only at
plastic hinge length and carbon fiber mesh jacketing for the total length of beam reached
60 kN. Conventional RCC beam and SFRC and carbon fiber mesh jacketing only in the
zone of plastic hinge of a beam are in the same range as 38 kN. The deflection of the beam
seems to be similar for SFRC only at plastic hinge length and SFRC and carbon fiber mesh
jacketing only at plastic hinge length. Beams where carbon fiber mesh jacketing is used for
strengthening show almost 15 mm of deflection. The comparison of all the above load and
deflection data is mentioned in Figure 13 and Table 10.

  
(a) (b) 

  
(c) (d) 

Figure 12. Cont.
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(e) (f) 

 
(g) 

Figure 12. Experimental setup (a) Conventional Beam, (b) SFRC beam, (c) SFRC only at plastic hinge
length of a beam, (d) Carbon fiber mesh jacketing at plastic hinge length of a conventional beam,
(e) SFRC and carbon fiber mesh jacketing only at a plastic hinge length of a beam, (f) Carbon fiber
mesh jacketing for a total length of a conventional beam, (g) Carbon fiber mesh jacketing for total
length with SFRC at plastic hinge length of a beam.

Table 10. Ultimate load and defection of beams.

Beam Description Ultimate Load (KN)
Deflection

(mm)

Conventional beam 38 8.21
Carbon fiber mesh jacketing at

plastic hinge length of
conventional beam

48 15.43

Carbon fiber mesh jacketing for
the full length of

conventional beam
64 15.95

SFRC 43 13.78
SFRC only at the plastic hinge

length of a beam 41 11.9

SFRC and carbon fiber mesh
jacketing only at the plastic hinge

length of a beam
38 11.63

SFRC only at plastic hinge length
and carbon fiber mesh jacketing

for a total length of a beam
60 15.67
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Figure 13. Load-deflection graphs from experiments.

6.4. Comparative Study on Analytical and Experimental Investigation

In this work, the displacement of the conventional beam, carbon fiber mesh jacketing
for a full length, and carbon fiber mesh jacketing on the plastic hinge length of a beam for
conventional, SFRC, and SFRC only at PHL are compared as shown in Table 11.

Table 11. Comparative study of displacements predicted from the experiments against analyti-
cal predictions.

Model Experimental Displacement Analytical Displacement

Conventional Beam 5.8 8.6
Carbon fiber mesh jacketing

for full length 5.4 5.46

Carbon fiber mesh jacketing
on plastic Hinge Length 6.85 7.04

SFRC 6.86 7.7
SFRC only at plastic

hinge length 7.2 8.32

SFRC and Carbon fiber mesh
only at plastic hinge length 6.54 6.39

SFRC only at plastic hinge
length and carbon fiber mesh

jacketing for full length
5.31 5.5

The experimental and analytical results were compared, which shows the deviation in
results is nominal and in most cases, it’s almost similar.

6.5. Stiffness

The theoretical calculation of stiffness calculated by using l/250 of the beam as per
IS 456:2000 is 6 mm. Figure 14 shows the difference in stiffness of different types of beam
specimens under ultimate loading conditions, which helps to understand the role of the
carbon fiber mesh and SFRC in providing strength to the beams from the experimen-
tal investigation.
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Figure 14. Stiffness of different RC beams.

The stiffness is calculated by the force-displacement relation and the stiffness is shown
in Table 12. From the above results, SFRC only at PHL is stiffer when compared to conven-
tional and SFRC. From the graph, it is obvious that among all the evaluated specimens, the
steel fiber reinforcement at the plastic hinge length and the carbon fiber mesh jacketing
along the complete span acquired the maximum stiffness.

Table 12. Stiffness of different RC beams.

Model
Stiffness

(N/m)

Conventional beam 2.30 × 106

Carbon fiber mesh jacketing for full length 4.01 × 106

Carbon fiber mesh jacketing on PHL 3.24 × 106

SFRC 3.27 × 106

SFRC only at plastic hinge length 3.36 × 106

SFRC and carbon fiber mesh only at plastic hinge length 3.44 × 106

SFRC only at plastic hinge length and carbon fiber mesh jacketing for full length 3.83 × 106

7. Conclusions

The performance of a beam with steel fiber reinforcement along the length of the
plastic hinge is presented in this analytical and experimental examination. After being cast
and loaded monotonously, seven different beams’ mechanical characteristics are examined.
These are the findings that were drawn from them.

1. Among different plastic hinge length expressions from Baker, Sawyer, Coreley, Mat-
tock, Park, Pristley, Paulay, Fardis, and Panagiotakos, the Paulay and Pristley ex-
pressions have been considered for plastic hinge length calculations in experimen-
tal investigation.

2. Steel fiber reinforced concrete with a 1.5% content performs better in terms of com-
pressive strength and split tensile strength when compared to regular concrete.

3. The split tensile strength of steel fiber-reinforced concrete seems to be 1.5 times larger
than that of regular concrete due to the dispersion of steel fiber in the concrete, which
influences the bonding and promotes tensile strength. The cylinder specimen was
compressed using uniaxial compression in order to calculate the modulus of elasticity,
and the results showed that the SFRC specimen with 1.5% steel fiber outperformed
the conventional concrete specimen by a factor of 1.14. The same was thus used to
casting beam specimens. The behavior under bending is clearly shown by the flexural
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strength test, which shows that the flexible beam with steel fiber exhibits a 1.39 times
larger performance gain than that of a normal beam.

4. The results of conventional concrete, CFM jacketed on total length, CFM jacketed on
PHL, SFRC, and SFRC at PHL, SFRC & CF at PHL, and SFRC at PHL & CFM jacketed
on the total length of a beam were compared.

5. Steel fiber reinforcement in concrete has superior tensile strength and can withstand
more severe loads than regular concrete when exposed to monotonic stress. Similar
types of fracture patterns may be seen in steel fiber reinforced concrete with a 150 mm
plastic hinge length and steel fiber dosed over the beam span. The failure happened
simultaneously because of the material’s higher ductility. Cracks are appearing far
from the zone of greatest deflection because of the steel fiber at the hinge length.

6. When compared to the RCC beam, the SFRC beam exhibits comparatively less deflec-
tion. The inclusion of SFRC at simply the length of the plastic hinge of a beam led to a
similar discovery since steel fiber boosts the beam’s strength. Steel fiber reinforcement
offers the same ductility and resilience to the load as SFRC and SFRC solely at PHL
at a 150 mm plastic hinge length. When the traditional beam is reinforced across its
span and steel fibres are used at the length of the plastic hinge, the total stiffness of the
beam is fairly high. The ultimate load-bearing capacity and deflection due to delay in
failure are both increased by carbon fiber mesh jacketing for the complete span with
steel fiber dosage at the plastic hinge length.

7. Hence, from the above discussion two things are very clear, one is instead of providing
steel fiber throughout the span of the beam, provide it at plastic hinge length alone
as both of them provide the same performance under monotonic loading. This will
reduce the number of fibers used for construction and which will be economical as
well. Meanwhile, the next one is carbon fiber jacketing done for the whole beam span
with fiber placed at plastic hinge length shows the best performance when compared
to that of other techniques.

8. Scope for Future Work

Experiments with various types of fibers and with different percentages can be carried
out to extend this work.
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Abstract: Glass-fiber-reinforced polymer (GFRP) is an advanced material that has superior corrosion
resistance, a high strength-to-weight ratio, low thermal conductivity, high stiffness, high fatigue
strength, and the ability to resist chemical and microbiological compounds. Despite their many
advantages compared with traditional materials, GFRP sections exhibit brittle behavior when sub-
jected to severe loading conditions such as earthquakes, which could be overcome by infilling the
GFRP sections with concrete. This paper presents the results of an experimental investigation carried
out on the cyclic response of a GFRP beam-column infilled with high-volume fly ash engineered
cementitious composites (HVFA-ECC) consisting of 60%, 70%, and 80% fly ash as a replacement
for cement. Finite element analysis was also conducted using robot structural analysis software,
and the results were compared with the experimental results. The mechanical properties of GFRP
sections presented are the compressive strength of ECC, the direct tensile strength of ECC determined
using a dog-bone-shaped ECC specimen, the hysteresis behavior of the beam-column, and the energy
dissipation characteristics. The lateral load-carrying capacity of beam-column GFRP infilled with
HVFA-ECC consisting of 60%, 70%, and 80% fly ash was found to be, respectively, 43%, 31%, and 20%
higher than the capacity of GFRP beam-columns without any infill. Hence the GFRP sections infilled
with HVFA-ECC could be used as lightweight structural components in buildings to be constructed
in earthquake-prone areas. Also in the structural components, as 70% of cement could be replaced
with fly ash, it can potentially lead to sustainable construction.

Keywords: pultruded glass-fiber-reinforced polymer; engineered cementitious composite; high-volume
fly ash; finite element analysis; cyclic loading

1. Introduction

Composites have started replacing traditional materials in most engineering fields,
such as the aerospace, marine, automobile, electrical, chemical, and construction industries
where high strength and stiffness-to-weight ratios are required. Fiber-reinforced polymer
(FRP) is one of the composite materials in which fibers such as glass, aramid, and carbon
are embedded in the matrix material. As FRP composites have high stiffness, light weight,
corrosion resistance, and chemical resistance, they are being utilized in the construction
industry. In FRP sections, fibers carry the load and the matrix protects the fibers from the
atmosphere and also helps in transferring load to the fibers. Carbon and graphite fibers are
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light in weight and stronger than other fibers. However, the cost of carbon fibers is higher
than that of glass or aramid fibers. Glass fibers are more ductile and cheaper than carbon
fibers, which leads to their utility in the construction industry [1].

Pultruded glass-fiber-reinforced polymers (GFRP) are made with 12–35 m diameter
glass fibers and are embedded with vinyl ester/polyester/epoxy resins through a con-
tinuous rowing method called the pultrusion process. The process consists of pulling
impregnated filaments together with a mat or fabric through a heated die. The fiber
composition and stiffness of GFRP sections vary with the manufacturer, and hence, it
is very important to find the mechanical properties of GFRP sections with suitable test
methods [2,3]. The load-carrying capacity and stiffness of the GFRP sections increase when
infilled with concrete. Concrete-infilled GFRP tubes have a higher flexural strength than
conventional reinforced concrete [4–7]. The GFRP tube confines the entire cross-section
of the concrete, and longitudinal fibers act as reinforcement in the longitudinal direction
of the beam [8]. Concrete-infilled glass-/carbon-fiber-reinforced polymer tubes could fail
sequentially and progressively and exhibit pseudo-ductile behavior [9–14]. The use of high-
grade concrete as an infill in GFRP sections exhibits only a 20% increase in load-carrying
capacity compared to low-strength concrete as an infill [15–17].

Engineered cementitious composite (ECC) is a special type of concrete that exhibits
increased tensile strength and strain-hardening behavior compared to conventional con-
crete. In ECC, strain-hardening takes place after the first cracking like a ductile metal and
exhibits 3% to 5% tensile strain capacity, which is 300 to 500 times higher than that of
normal concrete. ECC typically has a tensile strain capacity of more than 3% of compressive
strength due to the interaction between fibers and matrix and exhibits closely spaced cracks,
resulting in decreased water permeability or chloride ion penetration into the mixture [18].
ECC consists of cement, fine aggregates of a maximum size of 200 m, water, and high-range
water-reducing (HRWR) admixture to increase workability and less than 2% volume of
fibers. Different varieties of ECC with fibers such as polyvinyl alcohol (PVA), polypropy-
lene (PP), and polyethylene (PE) fibers have been developed, and their properties have
been investigated. ECC with PVA fibers exhibits higher tensile strength, toughness, and
flexural strength than that of PP fibers. Further, the cost of PVA fiber is eight times less than
that of PE fiber [19]. The elimination of coarse aggregate (CA) from ECC results in relatively
higher cement content in the mixture and also leads to higher costs and environmental
pollution. The production of one ton of cement emits 0.94 tons of CO2 into the atmosphere,
along with other glasshouse gases such as nitrogen oxide and sulfur dioxide. However,
industrial solid waste materials such as fly ash (FA), ground granulated blast furnace slag
(GGBS), silica fume (SF), and inert limestone powder could be added to ECC, which acts as
a filler material and results in good workability, lower cement content, and a reduction in
embodied carbon in ECC. The shear strength and ductility of concrete with cement replaced
with FA are higher than those of cement replaced with GGBS and SF [20–24]. The use of FA
in ECC results in substantial energy savings and decreases greenhouse gas emissions [25].
Further, the use of fly ash reduces the requirement for a large land area for its disposal,
thus creating significant benefits for the environment. A feasible design approach was
carried out in the development of ECC with FA of various quantities based on simple flow
testing as a guideline [26–31]. There is a decrease in the strength of the ECC following
an increase in fly ash content. Cracks with smaller widths were noticed when the fly ash
content increased [32–34]. The use of fly ash in ECC contributes to the self-compactability
of the fresh ECC and also helps in achieving the strain-hardening behavior of hardened
ECC, which in turn leads to sustainability [35–38].

The durability of the concrete is greatly influenced by curing since it has a significant
effect on the hydration process. Negligence in curing will hurt the strength and durability
of concrete [39]. On the 7th and 28th days, the compressive and split tensile strength of
concrete with 0.5, 1, and 1.5 percent polyethylene glycol (PEG-600) as an internal curing
agent were tested and compared to conventional concrete [40]. PEG-600 in concrete not
only helps with self-curing but also helps with better cement hydration and increases
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compressive strength by trapping the moisture within the concrete, preventing it from
evaporating [41]. An increase in the amount of PEG-600% in concrete decreases the strength
of the concrete. As a result, adding 0.5% to 1% PEG-600 as an internal curing agent to
concrete improves its effectiveness [42–44]. The literature available on ECC with HVFA
is rather limited, and no literature is available on the effect of an internal curing agent on
ECC with manufactured sand (M-sand).

In the construction industry, FRP composites have been used because of their high
stiffness, lightweight, corrosion resistance, and easy installation. However, its utilization
has a limitation because of its brittle failure. Hence, in this invention, the GFRP beam-
column was infilled with the eco-friendly high-volume fly ash engineered cementitious
composite. The present study is to investigate the mechanical properties of pultruded GFRP
sections and to develop the ECC with HVFA, M-sand, and self-curing agent which is to be
used as an infill in pultruded GFRP square sections, as well as to investigate the hysteretic
behavior of beam-columns made of pultruded GFRP sections infilled with HVFA-ECC.
Numerical investigations were carried out using Autodesk robot structural analysis (RSA)
professional software to compare with the experimental investigation.

2. Materials and Methods

2.1. GFRP Sections

In this research, pultruded GFRP sections of size 100 mm × 100 mm, 5 mm thick,
were used. The mechanical properties of the GFRP sections were carried out on coupons
extruded from GFRP sections. Tensile, compressive, flexural, and shear strength tests were
carried out on coupons extruded from GFRP sections as per ASTM D3039 [45], ASTM
D3410 [46], ASTM D790 [47], and ASTM D2344 [48], respectively, as shown in Figure 1.

Figure 1. GFRP coupons.

All tests were carried out on a servo-controlled universal testing machine (UTM) of
100 kN capacity. Three specimens were prepared to conduct the test, and the details of the
coupons extruded to find the mechanical properties of GFRP sections are given in Table 1.

Table 1. Details of the GFRP coupons.

Name of the Test Coupon Size (mm)

Tensile strength 250 × 25 × 5
Compressive strength 125 × 25 × 5

Flexural strength 360 × 15 × 5
Interlaminar shear strength 50 × 15 × 5

The average ultimate tensile strength, compressive strength, elastic modulus, flexural
strength, flexural modulus, shear strength, and shear modulus are 387.5 MPa, 150 MPa,
17.2 Mpa, 215 MPa, 1.1 GPa, 29 MPa, and 3 GPa, respectively.
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2.2. Engineered Cementitious Composite with High-Volume Fly Ash (ECC-HVFA)

ECC contains ordinary Portland cement (OPC)-53 grade, manufactured sand (M-sand)
having a size of 150–300 m, “Class F” fly ash, PVA fiber of 12 mm length, CONXL PCE
RHEOPLUS 2635, a high-range water-reducing (HRWR) agent, and PEG 600, an internal
curing agent. The properties of PVA fibers and PEG600 are given in Tables 2 and 3. In ECC,
cement was replaced with fly ash ranging from 60% to 80%.

Table 2. Properties of PVA fibers.

Fibre Density Initial Modulus Specification Oil Agent Content

PVA 1.29 280 cN/dtex 12 mm 0.2%

Table 3. Properties of PEG-600 agent.

Sl. No PEG600

1 Solubility Soluble in water
2 Density 1.126 kg/m3

3 Odor Mild odor
4 Mean molecular weight 570–630 kg/m3

5 Appearance Clear liquid

In a pan mixer, cement, fly ash, and M-sand were mixed for 5 to 6 min, and then
HRWR and PEG 600 mixed with water were added gradually. The mixing continued for 10
to 15 min. After ensuring the minimum spread value using a mini-slump flow test, fibers
were added to the mix, and the pan mixer was continuously rotated to avoid the formation
of lumps in the mix. All the mixes were designed to have spread values of between 450 mm
and 500 mm as stipulated in the standard slump flow test. A mini-slump cone test was
carried out before the addition of fibers in ECC using a 60 mm high mini-slump cone. All
the mixes were designed to ensure the achievement of a spread value of between 270 mm
and 300 mm. A workability test for the final mix with fiber was carried out on a standard
slump cone of 300 mm in height to find the flowability of ECC. All the mixtures were
designed to ensure the achievement of spread values ranging from 450 mm to 500 mm.
The workability test is shown in Figure 2. The mix proportion details of ECC are shown in
Table 4.

  
(a) (b) 

Figure 2. Workability test on ECC. (a) Mini-slump test; (b) standard slump test.
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Table 4. Strength of concrete mixes.

Mix Description
Cement to
Binder (B)

Fly Ash to B M-Sand to B Water to B HRWR to B Fiber to B PEG to B

1 ECC-0 1 0 0.6 0.35 0.005 0.01 0
2 ECC-60P 0.4 0.6 0.6 0.37 0.005 0.01 0.02
3 ECC-70P 0.3 0.7 0.6 0.4 0.005 0.01 0.02
4 ECC-80P 0.2 0.8 0.6 0.44 0.005 0.01 0.02

2.2.1. Mechanical Properties of HVFA-ECC
Compressive Strength

The compressive strength test on four mixes of ECC was carried out in the compression
testing machine. The three cubes in each mix were tested at the ends of 7 days, 28 days,
and 56 days after casting, and the average values were taken as the compressive strength
of the mixes, as shown in Table 5.

Table 5. Compressive strength for different concrete mixes.

Mix Mix Description 7 Days (MPa) 28 Days (MPa) 56 Days (MPa)

1 ECC-0 15.6 33.5 36.2
2 ECC-60P 12.9 28.7 34.5
3 ECC-70P 9.36 26.9 31.2
4 ECC-80P 6.01 23.7 28.4

The compressive strength of self-cured ECC-60P, ECC-70P, and ECC-80P was 20%,
66%, and 15% less than ECC-0 at 7 days. The compressive strength of self-cured ECC-60P,
ECC-70P, and ECC-80P was, respectively, 16%, 25%, and 41% less than that of ECC-0 at
28 days, and 4%, 16%, and 27% less than that of ECC-0 at 56 days.

Direct Tensile Strength

The direct tensile strength of ECC was determined using a dog-bone-shaped specimen
having an 80 mm gauge length with a 36 mm × 20 mm cross-section. Three dog-bone-
shaped specimens were cast from the same batch of ECC. The specimens made of ECC-0
were cured with water, and the specimens of ECC-60P, ECC-70P, and ECC-80P added with
self-curing agents were cured under shade. The detailed and direct tensile strength tests
were carried out on a dog-bone-shaped specimen as shown in Figure 3 in UTM of 100 kN
capacity as per ASTM C1273 [49].

  
(a) (b) 

Figure 3. Direct tensile strength test setup. (a) Dog-bone-shaped specimen; (b) direct tensile strength
test setup on ECC.

The rate of displacement of the crosshead was kept at 0.1 mm/min. The tensile
strengths of three dog-bone-shaped specimens in each series of mixes were tested after
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28 days of casting, and the average values were taken as the tensile strengths of ECC mixes.
The tensile strength test results of all the mixes are shown in Table 6.

Table 6. Direct tensile test results.

Mix
Description Mix

Tensile Stress (MPa) Tensile Strain (%)

At Initial Crack At Ultimate Level Ultimate Level

ECC-0 2 4.40 4.80 1.22
ECC-60P 4 4.10 4.30 0.97
ECC-70P 7 4.05 4.15 0.97
ECC-80P 10 3.90 3.98 0.97

ECC with and without fly ash exhibited a fluctuation in the stress–strain curve due
to the propagation of cracks during the time of loading. The ultimate tensile strength of
ECC-60P, ECC-70P, and ECC-80P was, respectively, 7%, 9%, and 11.5% less than that of
ECC-0, and the ultimate tensile strains of ECC-60P, ECC-70P, and ECC-80P were 20% less
than that of ECC-0. The stress–strain curve obtained from a direct tensile strength test is
shown in Figure 4.

Figure 4. Stress–strain curves obtained from the direct tensile strength tests.

2.3. Beam-Column Specimens

Eight GFRP beam-column specimens having a beam of 1.5 m length and a column of
1.1 m height were connected using steel angle plates of size 200 mm × 100 mm × 6 mm
and four numbers of 10 mm diameter bolts. The specimens were subjected to lateral
loading to obtain the hysteresis curve, peak load–deflection, pseudo-ductile behavior, and
energy dissipation. Base plates were used to avoid punching shear. Two specimens in each
series of GFRP beam-column sections infilled with ECC-60P, ECC-70P, and ECC-80P were
cast and tested at the end of 28 days. The results of GFRP beam-column sections infilled
with HVFA-ECC were compared with those of pultruded GFRP beam-columns without
infill. The details of the beam-column specimens are given in Table 7. The preparation of
beam-column specimens is shown in Figure 5.

Table 7. Details of the GFRP beam-column specimens.

Sl. No.
Beam-Column

ID
No of

Specimens
Outer

Material
Infill

Material

1 BCG-H 2 GFRP Section -
2 BCG-E60P 2 GFRP Section ECC-60P
3 BCG-E70P 2 GFRP Section ECC-70P
4 BCG-E80P 2 GFRP Section ECC-80P
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Figure 5. The casting of GFRP beam-column specimens.

2.4. Experimental Investigation
Lateral Loading on Pultruded GFRP Beam-Column with and without HVFA-ECC

GFRP beam-columns with and without HVFA-ECC infill consist of a 1.5 m long beam
and a 1.1 m high column connected using steel angle plates and bolts. A schematic diagram
of the experimental setup for beam-columns is shown in Figure 6.

Figure 6. A schematic diagram of the experimental setup for beam-column testing.

The test was conducted on a reaction frame of 200 kN capacity having a stroke length
of 100 mm. A hydraulic jack attached to the load cell was used for the measurement of
the applied load on the column, and an LVDT was used for the measurement of lateral
displacement at the top of the column, as shown in Figure 7. The lateral load and the
corresponding displacement readings were obtained from the data logger connected to a
computer, which captured the values until the completion of the test. Cyclic loading was
applied on the top of the column until the specimen failed.
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Figure 7. Experimental setup for lateral loading on beam-columns.

The test was conducted on a reaction frame of 200 kN capacity having a stroke length
of ±100 mm. A hydraulic jack attached to the load cell was used for the measurement of
the applied load on the column, and an LVDT was used for the measurement of lateral
displacement at the top of the column, as shown in Figure 7. The lateral load and the
corresponding displacement readings were obtained from the data logger connected to a
computer, which captured the values until the completion of the test. Cyclic loading was
applied on the top of the column until the specimen failed.

3. Results and Discussion

3.1. Lateral Load–Deformation Behavior

The failure of the GFRP beam-column without HVFA-ECC infill was sudden, but the
failure of GFRP sections infilled with HVFA-ECC was in a sequential manner and exhibited
a larger load-carrying capacity due to the confinement effect provided by ECC with the
GFRP section. The failure pattern of the beam-column specimens is shown in Figure 8.

  

Figure 8. Failure pattern of beam-columns manufactured from GFRP infilled with and without
HVFA-ECC.

Figure 9 shows the hysteretic curve of BCG-H specimens. The average ultimate load
and maximum deflection of BCG-H specimens were 13.6 kN and 29.6 mm, respectively.
When subjected to forward lateral loading, the BCG-E60P specimens recorded an average
ultimate lateral load of 19.15 kN with a maximum lateral deflection of 51.2 mm. Figure 10
shows the hysteretic curve of BCG-E60P specimens. The BCG-E70P exhibited an ultimate
load of 17.82 kN with a maximum lateral deflection of 45.80 mm. Figure 11 shows the
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hysteretic curve of BCG-E70P specimens. The BCG-E80P failed with an average lateral
load capacity of 16.35 kN with an average displacement of 38.35 mm. Figure 12 shows the
hysteretic curve of BCG-E80P specimens.

  
(a) (b) 

Figure 9. Hysteretic curves of hollow GFRP beam-columns. (a) Specimen 1; (b) specimen 2.

  
(a) (b) 

Figure 10. The hysteretic curve of the GFRP-ECC60P beam-column. (a) Specimen 1; (b) specimen 2.

  
(a) (b) 

Figure 11. The hysteretic curve of the GFRP-ECC70P beam-column. (a) Specimen 1; (b) specimen 2.
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(a) (b) 

Figure 12. The hysteretic curve of the GFRP-ECC80P beam-column. (a) Specimen 1; (b) specimen 2.

3.2. Strength of the Beam-Column Specimens

Figure 13 depicts the cyclic envelope or P–Δ curves for the GFRP beam-column with
or without HVFA-ECC. The lateral load capacity of the specimens is taken as the average
of the load values when they were subjected to lateral loading in the forward direction.
The BCG-H specimens attained an average ultimate lateral load of 13.6 kN with an average
lateral displacement of 30 mm. The BCG-E60P specimens recorded an average lateral
peak load of 19.5 kN with an average lateral displacement of 51.2 mm. The BCG-E70P
specimens exhibited an average ultimate lateral strength of 17.82 kN with an average lateral
displacement of 45.8 mm. The average lateral ultimate load of the BCG-E80P specimens
was 16.35 kN with an average lateral displacement of 38.35 mm.
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Figure 13. Cyclic envelope curve of GFRP with and without HVFA-ECC beam-columns.

3.3. Energy Dissipation Capacity

The dissipated energy in each cycle was calculated as the area bound by the hysteresis
loop of that cycle from the load (P) versus displacement (Δ) curve, and the total dissipated
energy is calculated as the summation of the energy dissipated in all the cycles up to the
failure of the specimen. The energy dissipation curve of the beam-column is shown in
Figure 14.
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Figure 14. Energy dissipation curves.

The energy dissipation of BCG-H is 105 kN.mm. However, the energy dissipation of
the BCG-E60P, BCG-E70P, and BCG-E80P was 1067 KN.mm, 1043 kN.mm, and 511 kN.mm,
respectively. The energy dissipation of BCG-E60P observed was 10 times higher than that
of the GFRP beam-column without infill.

3.4. “Pseudo-Ductile” Behavior

Ductility is one of the characteristics of a material that undergoes plastic deformations.
However, non-plastic or non-ductile materials do not exhibit plasticity, and they could be
characterized by a pseudo-ductility displacement index. The pseudo-ductility displacement
index was calculated using the following Equation (1):

μ = (du − dy)/du (1)

where μ—pseudo-ductility displacement index, du—failure displacement, dy—displacement
at yield.

However, the yield displacement is replaced by the displacement corresponding to the
first peak load, while the failure displacement is assumed to be equal to the displacement
corresponding to the last peak load of the load–displacement curve (just before the GFRP
rupture). It should be pointed out that pseudo-ductility is not a measure of material plastic
behavior, but rather an indicator of the post-peak load residual strength and concomitant
deformation after significant damage in the material, component, or connection [37]. The
values of μ of the beam-column tested are given in Table 8. BCG-E60P, BCG-E70P, and
BCG-E80P respectively exhibited 67%, 48%, and 31% more pseudo-ductility than BCG-H.

Table 8. Pseudo-ductility index for all beam-column specimens.

Sl. No. Beam-Column ID du (mm) dy (mm) μ (-)

1 BCG-H 30 30 0
2 BCG-E60P 52 28 0.46
3 BCG-E70P 46 28 0.39
4 BCG-E80P 38 24 0.36

4. Numerical Investigations

Numerical investigations were carried out using Autodesk robot structural analysis
(RSA) software. RSA is a structural analysis software that verifies different code compliance
and uses build information modeling (BIM) integrated workflows to exchange data with
other software. The RSA has wind simulation, extensive analysis capabilities, finite element
analysis (FEA) with auto meshing, country-specific design standards, and an open and
flexible application programming interface. The integration option in RSA enables the
import of structural members and connection profiles from software such as Auto-CADD,
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Revit, and Advanced Steel. The connection profiles from other software can also be
imported to RSA.

4.1. Modeling and Meshing

The material properties of GFRP and HVFA-ECC imported into RSA were based on
the results obtained from the test. Figure 15 shows the material properties assigned in the
RSA software.

  
(a) (b) 

Figure 15. Material properties used in the FE model. (a) GFRP; (b) HVFA-ECC.

The Section definition tool option in RSA enables the creation of composite sections
with different materials. The GFRP sections infilled with HVFA-ECC were created and the
material properties were assigned. The contact behavior between the GFRP and HVFA-ECC
was modeled as Coulomb friction. The beam model of the GFRP sections was created using
RSA software. Figure 16 shows the creation of the GFRP composite section and modeling
of the beam-column made of the GFRP section with and without infill with HVFA-ECC.
However, the connection profile of the beam-column was modeled in Autodesk advanced
steel software and imported to RSA. Figure 17 shows the modeling of the connection profile
in Autodesk advanced steel software.

  
(a) (b) 

Figure 16. Creation of GFRP sections. (a) Composite section; (b) modeling of beam-column in RSA.
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Figure 17. Creation of connection profile using Autodesk advanced steel software.

The coons meshing type with squares in rectangular contour meshing options were
given to create meshing of the members. To obtain meshes with a fine size, four-noded
quadrilaterals for surface and four-noded tetrahedrons for the volumetric type of mesh-
ing were given. Figure 18 shows the mesh type given and the meshing of the GFRP
beam-column.

(a) (b) 

Figure 18. Details of the FEA meshing. (a) Meshing data; (b) meshing of GFRP beam-column in RSA.

4.2. Support and Loading Condition

In the beam-column, both ends of the beam were assigned as fixed conditions, and
the load was applied at the top of the column as applied in the experimental investigation.
Nonlinear analysis was performed to understand the behavior of the GFRP beam-column.
Figure 19 shows the support condition provided for the beam-column.
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Figure 19. Support and loading condition of the beam-columns assigned in RSA.

4.3. Load–Deflection Behavior of Beam-Columns

The failure pattern of the BCG−H, BCG−E60P, BCG−E70P, and BCG−E80P beam-
column is shown in Figure 20, obtained from RSA. The BCG−H exhibited an ultimate load
of 12.98 kN, but BCG-E60P, BCG-E70P, and BCG-E80P showed a peak load of 17.70 kN,
19.09 kN, and 16.01 kN, respectively. Figure 21 shows the comparison of the load–deflection
curves of the BCG-H, BCG-E60P, BCG-E70P, and BCG-E80P beam-columns obtained from
experimental and analytical investigations.

  
(a) (b) 

  
(c) (d) 

Figure 20. Failure modes of beam-columns obtained from the RSA. (a) BCG−H; (b) BCG−E60P;
(c) BCG−E70P; (d) BCG−E80P.
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Figure 21. Comparison of load–displacement curves obtained from the experimental and numerical
investigations. (a) BCG-H; (b) BCG-E60P; (c) BCG-E70P; (d) BCG-E80P.

5. Conclusions

Experimental and analytical investigations have been carried out on the performance
of beam-columns made of a GFRP section with and without HVFA-ECC infill. Investiga-
tions into the mechanical properties of the GFRP section and HVFA-ECC were carried out.
The GFRP beam-column load–displacement hysteretic behavior, capacity, pseudo-ductile
behavior, and energy dissipation capacity are summarized below.

• The average ultimate tensile strength, compressive strength, elastic modulus, flexural
strength, flexural modulus, shear strength, and shear modulus are 387.5 MPa, 150 MPa,
17.2 Mpa, 215 MPa, 1.1 GPa, 29 MPa, and 3 GPa, respectively.

• In the direct tensile strength test, the ultimate tensile strength of ECC-60P, ECC-70P,
and ECC-80P was, respectively, 7%, 9%, and 11.5% less than ECC-0, and the ultimate
tensile strains of ECC-60P, ECC-70P, and ECC-80P were 20% less than that of ECC-0.

• The average lateral load-carrying capacity of BCG-E60P, BCG-E70P, and BCG-E80P
was found to be, respectively, 43%, 31%, and 20% higher than that of BCG-H.

• The energy dissipation of the BCG-E60P, BCG-E70P, and BCG-E80P beam-column spec-
imens was, respectively, 100%, 39%, and 23% higher than that of the BCG-H specimen.

• Further, BCG-E60P, BCG-E70P, and BCG-E80P exhibited, respectively, 67%, 48%, and
31% more pseudo-ductility than BCG-H.

• ECC with fly ash up to 70% as a replacement for cement could be utilized in infilling
the GFRP sections.

• The analytical results obtained from RSA show good agreement with the experimental
results.

Thus, the GFRP beam-column infilled with high-volume ECC having cement re-
placement up to 70% with fly ash exhibited good lateral load-carrying capacity, energy
dissipation capacity, and improved pseudo-ductility behavior compared with the hol-
low section. The use of high-volume fly ash, a byproduct of coal-burning power plants

116



J. Compos. Sci. 2022, 6, 338

used in the engineered cementitious composite used in ECC, reduces CO2 emissions, and
manufactured sand was used in ECC due to the scarcity of river sand.
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Abstract: Concrete structures provided with steel bars may undergo deterioration due to fatigue and
corrosion, which leads to an increase in repair and maintenance costs. An innovative approach to
eliminating these drawbacks lies in the utilisation of glass-fibre-reinforced polymer (GFRP) sheets as
reinforcement in concrete structures instead of steel bars. This article relates to the investigation of
the flexural behaviour of ordinary portland cement (OPC) concrete slabs and high-volume fly ash
(HVFA) concrete slabs reinforced with bi-directional GFRP sheets. Slab specimens were cast with
60% fly ash as a replacement for cement and provided with a 1 mm-thick GFRP sheet in 2, 3 and
4 layers. The flexural behaviour of slabs reinforced with GFRP sheets was compared with that of the
slabs reinforced with steel bars. Experiment results such as cracking behaviour, failure modes and
load–deflection, load–strain and moment–curvature relationships of the slab specimens are presented.
Subsequently, the nonlinear finite-element method (NLFEM) using ANSYS Workbench 2022-R1 was
carried out and compared with the experimental results. The results obtained from the numerical
investigation correlated with the experimental results. The experimental investigation showed that
the HVFA concrete slabs reinforced with GFRP sheet provided a better alternative compared to the
steel reinforcement, which led to sustainable construction.

Keywords: glass-fibre-reinforced polymer (GFRP) sheets; flexural behaviour; high-volume fly ash;
cracking behaviour; load–deflection

1. Introduction

There has been a significant increase worldwide in the utilisation of fibre-reinforced
polymer (FRP) [1]. FRP has been accepted as an alternate material to traditional steel
reinforcement. The various types of FRP composites include aramid-fibre-reinforced poly-
mers (AFRP), carbon-fibre-reinforced polymers (CFRP) and glass-fibre-reinforced polymers
(GFRP). FRPs are available in various forms such as rods, sheets and plates. FRP offers sev-
eral applications in concrete structures as they offer high resistance to corrosion, lightweight,
ease of handling and high strength [2,3]. GFRP is most often used because of its lower cost
than that of other FRP materials. GFRP sheet is used as an external reinforcement on the
top surface of the concrete [4].

The structural elements reinforced with GFRP bars/sheets are usually over reinforced
sections, which exhibit brittle failure. The use of nonmagnetic GFRP rebars as reinforcement
is gaining importance in preventing deterioration in the structural integrity in concrete
structures due to its corrosion resistance, lower maintenance costs and higher tensile
strength than steel reinforcement [5–8]. Bidirectional binding of GFRP sheets with concrete
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attains superior mechanical performance, acting as a substitute for steel rods. Research car-
ried out on slabs, beams and columns with the GFRP rebars as reinforcement has reported
their structural performance as on par with the steel reinforcement [9–12]. The GFRP rods
could be utilised as reinforcement in prestressed concrete members and reinforced concrete
members, ground anchors and for strengthening the existing concrete structures [13–16].
The ultimate load-carrying capacity of the concrete slab reinforced with GFRP mesh is more
than the engineered cementitious composite (ECC) slab made by polyvinyl alcohol fibres
with 60% fly ash was used as a replacement for cement. Hence, reinforcing the concrete
slab with GFRP mesh would be a better choice when compared to the ECC slab [17].

In the construction industry, concrete consists of Ordinary Portland Cement (OPC). It
is the most commonly used construction material because of its raw material availability
and low cost. However, OPC production requires argillaceous and calcareous materials
and is energy-intensive. The main reasons for the emission of greenhouse gas during the
production of OPC are calcination and fossil-fuel combustion [18]. The manufacturing of
OPC contributes to around 8% of global carbon-dioxide emissions [19]. Waste materials
from the industries act as an ingredient for conventional concrete, which helps in bringing
down waste disposal problems. Many industrial waste materials such as ground granulated
blast-furnace slag (GGBS), fly ash and micro silica have the potential to replace cement
in concrete [20].

Fly ash, a by-product of the thermal power plant, is the widely accepted pozzolanic
material for the replacement of OPC in concrete. The use of fly ash in concrete is increasing
due to improvements in workability, strength and durability. Reinforced concrete beams
with 50% fly ash show a 10% increase in moment capacity compared with conventional
concrete [21]. Some drawbacks are seen when cement is replaced by fly ash as it attains
poor strength at its earlier stage due to slow polymerization action [22–25]. Incorporation
of micro silica (MS) in concrete enhances the mechanical properties related to uniformity,
workability, strength, impermeability, durability, constructability, resistance to chemical
attacks and reinforcement corrosion, and increases its compressive strength more than
that of cementitious materials [26]. To enhance the workability, a chemical admixture
known as superplasticiser (SP) was added in order to reduce the water content of the
concrete mixtures [27].

Beams with 50% of fly ash as a replacement to cement attain a strength less than
the conventional concrete at 28 days of curing [28,29]. A durable structure with less
greenhouse-gas emission and with less energy could be obtained by the addition of fly ash
to the concrete [30–32]. The electrical strain gauges were attached to measure the upward
movement of the slabs on one corner. This arrangement of electrical gauges was kept
constant throughout all the testing of the slab specimens [33]. The replacement of GFRP
rods in place of steel as reinforcement in both OPC and HVFA slab specimens improves
the flexural strength [34] Test results show lower split tensile and compressive strength
for higher mix percentage influencing the minimum strength of the concrete. Structural
elements with 50% fly ash have been found at later ages [35]. The wrapping of GFRP
sheets drastically improves the stress-strain, strength and behaviour of fibres under various
cooling regimes and heating temperatures [36]. With the application of GFRP sheets, a
significant increase in the load-carrying capacity of the column was found. With the increase
in the number of layers of GFRP, the load-carrying capacity was found to be increased [37].

An extensive literature review shows the potential of using fly ash in concrete. Despite
the extensive use of GFRP sheets in the strengthening and repair of concrete structures,
utilisation of GFRP sheets as reinforcement in structural elements is scanty. Hence, this
paper investigates the possibility of using GFRP sheets as reinforcement in OPC/fly ash
concrete slabs. Experimental investigations were carried out on 16 slabs, in which 12 slabs
were reinforced with GFRP sheets 1 mm thick in 2, 3 and 4 layers, and 4 slabs were
reinforced with steel bars. Parameters such as load-deflection behaviour, crack pattern,
failure modes, moment-curvature behaviour and load–strain relationship were used for
examination of all the slabs. This study also implements a nonlinear finite-element method
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(FEM) using ANSYS Workbench 2022-R1 [38] software to numerically investigate the
overall structural performance of the slab specimens with reference to the ultimate load
and deflection of slab specimens reinforced with steel/GFRP sheets.

2. Materials and Methods

2.1. Ingredients of OPC/HVFA Concrete

The slabs cast with M25 grade concrete consisted of 53-grade ordinary portland cement
(OPC) having a specific gravity of 3.1, crushed granite coarse aggregate of 20 mm nominal
size conforming to IS:383, manufactured sand (M-sand) as fine aggregate and 10% micro
silica by weight of cementitious material. In the fly-ash concrete, 60% of cement was
replaced by Class F-type fly ash. The mix design of the concrete is shown in Table 1. To
increase workability, 0.3% of Master Glenium sky 8233 superplasticizers were added with
concrete as per IS 9103. Details of the chemical composition of Class F fly ash are listed in
Table 2. The mix design of concrete arrived as per the Indian standard IS: 10262 and IS: 456.

Table 1. Mix proportion of concrete.

Materials/Type of Concrete Cement Fly Ash Microsilica M Sand Aggregate Water Super Plasticiser (%)

OPC concrete 1 - - 2.16 3.42 0.5 0.3
60% HVFA 0.4 0.6 0.1 2.1 3.32 0.5 0.3

Table 2. Chemical properties of fly ash.

Chemical Composition Content (% by Mass)

SiO2 52.52
Al2O3 32.63
Fe2O2 6.16
SO3 4.95
LOI 1.08

MnO 0.03
NAI-20 0.02

Cao Nil

2.2. Reinforcing System

The glass-fibre-reinforced polymer sheets were used as the reinforcing members in the
OPC/fly ash-based concrete slabs. The GFRP sheets (E-glass fibre type) are of woven-type
bidirectional mat, having a thickness of 1 mm with a fibre density of 2.6 g/cm3. The first
layer of GFRP sheets was laid on the fresh concrete at a depth of 20 mm from the bottom,
and then it was folded to form the second layer, and then the concreting was completed.
Similarly, it was laid for slabs with 3 layers and 4 layers of GFRP sheets. Figure 1 shows
the GFRP sheets used as reinforcement in the slabs and the schematic view of placing
the sheets in the slab. The test methods were conducted by manufacturers concerning
the ASTM D3774/D3801 and ISO 10119/10618 standards. The specifications of the GFRP
sheets are shown in Table 3. For comparison, the OPC/fly-ash-based slabs reinforced with
conventional steel bars were also cast and tested. The steel rods of grade Fe 550D and
having a diameter of 10 mm were reinforced with the centre-to-centre spacing of 130 mm
along the longer direction and 240 mm along the shorter direction. Steel rods were placed
at 20 mm depth from the bottom.
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Figure 1. (a) Glass-fibre-reinforced polymer (GFRP) sheet (b) Schematic view of placing the sheet.

Table 3. Specification of the GFRP sheets.

Particulars Specification

Aerial weight (GSM) 400
Tensile strength (N/mm2) 2700
Modulus of elasticity (kN/mm2) 73
Poisson’s ratio 0.3
The thickness of GFRP sheet (mm) 1
Elongation at break (%) 5
Fibre density (g/cm3) 2.6

3. Experimental Investigation

3.1. Specimen Geometry and Detailing

In this experimental work, a total of 16 slabs 1000 mm long with a cross-section
of 450 mm × 100 mm were cast and tested at the end of 56 days of curing. They are
categorised into two groups, of which Group I consists of eight slabs of OPC concrete
reinforced with steel bars/GFRP sheets in layers 2, 3 and 4. Group II consists of eight
slabs made of HVFA concrete reinforced with steel bars/GFRP sheets in layers 2, 3 and
4. Two slabs were cast in each series. A five-lettered designation was allotted to the slab
specimens, where the first two letters indicate the reinforcement type as steel-reinforced
(SR)/glass-fibre-reinforced polymer sheets (GS). The third letter indicates the type of
concrete, i.e., OPC concrete as (C)/HVFA-based concrete as (F). The fourth identity denotes
the number of layers of GFRP sheets as 2, 3 and 4, and the fifth identity denotes the
trial numbers.
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3.2. Experimental Set-Up

The one-way slabs were subjected to two-point flexural loading. The slab specimens
were tested with roller support at one end and hinge support at the other end. A spreader
beam was placed for the application of two-point loading to the slab specimens. The
specimens were subjected to static load through a loading frame of 400 kN capacity. Electri-
cal strain gauges were placed at the bottom of the GFRP sheet, and they were protected
using coating tape to avoid any accidental damage while pouring concrete; and also on
the top concrete surface of the slab for measurement of the compressive strain at midspan.
The slabs were instrumented with linear voltage displacement transducers (LVDT), which
were placed at the mid-span to monitor the deflection. A load of 2 kN/min was applied
incrementally through a hydraulic jack via load cell up to the failure of the slabs. Electrical
signals captured from the strain gauges and the LVDT were transmitted to the computer via
a data logger. The schematic view of the experimental set-up for testing the slab specimens
is shown in Figure 2 and the testing of the slab specimens is shown in Figure 3.

Figure 2. Schematic view of experimental set-up.

Figure 3. Testing of the slab specimens.
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4. Results and Discussion

4.1. Cracking Behaviour

Propagation of cracks and the failure mode of the slab specimens are shown in
Figures 4–7. The summary of the test results of the slab specimens is shown in Table 4.
The average initial crack load of Group-I slab specimens GSC-2, GSC-3, GSC-4 and SRC
were 8.5 kN, 14.5 kN, 6.5 kN and 16 kN, respectively. The average first crack load of
Group-II slab specimens GSF-2, GSF-3, GSF-4 and SRF were 5.8 kN, 14.1 kN, 5.4 kN and
18.8 kN, respectively. Four modes of failure were observed in the slab specimens. The slab
specimens SRC and SRF exhibited flexural cracks under both the loading points (Mode-I).
Slab specimens GSC-2 and GSF-2 exhibited flexural crack with concrete crushing under
the mid-span of the slab specimens (Mode-II). At the bottom of GSC-3 and GSF-3 slabs,
fine vertical cracks began at an average load of 14.5 kN and 14.1 KN, respectively. With an
increase in load, the crack propagated towards the top of the slab with crack widening. At
an average load of 21.5 KN, which is 90% of the ultimate average load under the loading
point, a flexural crack with the initiation of horizontal cracks was formed at the junction of
GFRP sheet and concrete, which may be due to the debonding of GFRP sheets and concrete
surface (Mode-III). In the case of GSC-4 and GSF-4, flexural cracks at an average load of
6.5 kN and 5.4 kN, respectively, with the subsequent formation of horizontal cracks were
noticed over the entire span of the slab (Mode-IV). In the slabs reinforced with GFRP sheets,
the cracks propagated from the bottom of the slab to the top of the slab exhibited brittle
failure at the ultimate load level.

Figure 4. Crack propagation and failure mode of Mode-I slab specimens.
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Figure 5. Crack propagation and failure mode of Mode-II slab specimens.

Figure 6. Crack propagation and failure mode of Mode-III slab specimen.
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Figure 7. Crack propagation and the failure modes Mode-IV slab specimens.

Table 4. Summary of test results of the slab specimens.

Category
Slab

Designation
Trial

Numbers
Initial Crack
Load (KN)

Ultimate
Load (KN)

Modes of
Failure

GROUP-I

GSC-2 Trial 1
Trial 2

8.3
8.7

16.8
17.5

Mode-II
Mode-II

GSC-3 Trial 1
Trial 2

14.2
14.7

23.7
24

Mode-III
Mode-III

GSC-4 Trial 1
Trial 2

6.7
6.3

16.4
15.5

Mode-IV
Mode-IV

SRC Trial 1
Trial 2

16.3
15.7

23.8
24

Mode-I
Mode-I

GROUP-II

GSF-2 Trial 1
Trial 2

5.9
5.7

17.1
16.7

Mode-II
Mode-II

GSF-3 Trial 1
Trial 2

14.1
14

23.9
23.7

Mode-II
Mode-II

GSF-4 Trial 1
Trial 2

5.2
5.6

15.3
15.9

Mode-IV
Mode-IV

SRF Trial 1
Trial 2

18.5
19.1

27.3
28.5

Mode-I
Mode-I

4.2. Load–Deflection Behaviour

Details relating to load–deflection of the Group-I and Group-II slab specimens tested
after 56 days of curing were plotted. All the slab specimens showed linear elastic behaviour
up to the initial crack, and beyond that, the behaviour was nonlinear. Details of the load-
deflection behaviour of slabs GSC-2 and GSF-2; GSC-3 and GSF-3; GSC-4 and GSF-4; and
SRC and SRF are shown in Figures 8–11, respectively. The average ultimate load-carrying
capacity of the Group-I specimens (OPC slab) GSC-2, GSC-3, GSC-4 and SRC was 17.15 kN,
23.85 kN, 15.95 kN and 23.9 kN, respectively. The average ultimate load-carrying capacity
of the Group-II specimens (fly ash slab) GSF-2, GSF-3, GSF-4 and SRF was 16.9 kN, 23.8 kN,
15.6 kN and 27.9 kN, respectively. The SRF slab specimens reinforced with steel showed a
17% increase in their average ultimate load-carrying capacity compared with SRC slabs.
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The average ultimate load-carrying slab specimens GSC-2, GSC-4, GSF-2 and GSF-4 showed
28%, 33%, 29% and 34%, respectively, less than the SRC slab specimens. However, the
average ultimate load-carrying capacity of GSC-3 and GSF-3 was the same as that of SRC.
In the case of GSC-4 and GSF-4, flexural cracks at an average load of 6.5 kN and 5.4 kN,
respectively, with the subsequent formation of horizontal cracks over the entire span of
the slab, were observed. As the horizontal cracks formed at the earlier stage due to the
debonding of the sheets, the reduction in ultimate load was therefore observed. The
deflection in the slab specimens reinforced with GFRP sheets was less than the deflection
in the slab specimens reinforced with steel bars.

Figure 8. Load–deflection behaviour of (a) GSC-2 and (b) GSF-2.

Figure 9. Load–deflection behaviour of (a) GSC-3 and (b) GSF-3.
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Figure 10. Load–deflection behaviour of (a) GSC-4 and (b) GSF-4.

Figure 11. Load–deflection behaviour of (a) SRC and (b) SRF.

4.3. Strain Distribution

The top positive strain indicates the compressive strain in concrete, while the bottom
negative strain indicates the tensile strain in the GFRP sheets/steel bars. For each load
increment, the strain values experienced by both strain gauges at the mid-span region of
the slab were plotted. The load vs. strain variations in the slab specimens were GSC-2 and
GSF-2; GSC-3 and GSF-3; GSC-4 and GSF-4; and SRC and SRF are shown in Figures 12–15,
respectively. The top strain development in the Group-I specimens (OPC slab) and Group-
II specimens (HVFA slab) reinforced with steel bars/GFRP sheets range from 2985 μ to
3099 μ. The bottom strain development in the Group-I specimens (OPC slab) and Group-
II specimens (HVFA slab) reinforced with GFRP sheets ranges from 3317 μ to 4315 μ.
However, the strain measured at the bottom of the steel bars in the SRC and SRF at failure
ranges from 19,080 μ to 21,900 μ, which was almost 21% of the failure strain of the GFRP
sheets. The result shows that the top and the bottom strain of GSC-3 and GSF-3 is higher
when compared with the slab reinforced with GFRP sheets of two layers and four layers.
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Figure 12. Load–strain behaviour of (a) GSC-2 and (b) GSF-2. TS—top strain, BS—bottom strain.

Figure 13. Load–strain behaviour of (a) GSC-3 and (b) GSF-3. TS—top strain, BS—bottom strain.

Figure 14. Load–strain behaviour of (a) GSC-4 and (b) GSF-4. TS—top strain, BS—bottom strain.
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Figure 15. Load–strain behaviour of (a) SRC and (b) SRF. TS—top strain, BS—bottom strain.

4.4. Moment–Curvature

The moment–curvature diagram defines the ultimate capacity of the slab elements
and is also used to access the energy absorption capacity of the slab elements. The moment–
curvature relationship was calculated for all the slab specimens based upon the top strain
(OPC/HVFA concrete) and the bottom strain (steel/GFRP sheets). The moment–curvature
relationship of GSC-2 and GSF-2; GSC-3 and GSF-3; GSC-4 and GSF-4 and SRC and SRF
are shown in Figures 16–19, respectively.

Figure 16. Moment–curvature behaviour of (a) GSC 2 and (b) GSF 2.
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Figure 17. Moment–curvature behaviour of (a) GSC-3 and (b) GSF-3.

Figure 18. Moment–curvature behaviour of (a) GSC-4 and (b) GSF-4.

Figure 19. Moment–curvature behaviour of (a) SRC and (b) SRF.
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The following equation was used for the calculation of curvature (∅),

∅ =
εc + εr

d
(1)

where,
d—Effective depth of the slab
εr—Tensile strain in the reinforcement (steel/GFRP sheets)
εc—Compressive strain in concrete
Moment vs. curvature relationships showed the average ultimate moment-carrying

capacity of the slabs of Group-I: GSC-2, GSC-3, GSC-4 and SRC as 2.28 kNm, 3.18 kNm,
2.13 kNm and 3.18 kNm, respectively. The average ultimate moment-carrying capacity of
the slabs of Group-II: GSF-2, GSF-3, GSF-4 and SRF were 2.25 kNm, 3.17 kNm, 2.08 kNm
and 3.25 kNm, respectively. The moment-carrying capacity of the slabs reinforced with
GFRP sheets (GSC-3 and GSF-3) was the same as that of the slab specimen reinforced with
the steel bars (SRC). Table 5 shows the details of the overall performance details of the
OPC/HVFA concrete slab reinforced with steel rod/GFRP sheets.

Table 5. Overall performance details of the concrete slab reinforced with steel rod/GFRP sheets.

Category
Slab

Designation
Max. Load
(Pu) (kN)

Ultimate Moment
(MExp) (kNm)

Ultimate Strain
in Concrete

at Max Load (εcu) %

Ultimate Strain in
Reinforcement

at Max Load (εf)%

GROUP-I

GSC-2 (1) 16.8 2.24 0.31 0.36
GSC-2 (2) 17.5 2.33 0.31 0.39
GSC-3 (1) 23.7 3.16 0.31 0.43
GSC-3 (2) 24 3.20 0.31 0.43
GSC-4 (1) 16.4 2.19 0.30 0.35
GSC-4 (2) 15.5 2.07 0.30 0.34
SRC (1) 23.8 3.17 0.29 2.01
SRC (2) 24.0 3.20 0.31 1.91

GROUP-II

GSF-2 (1) 17.1 2.28 0.31 0.36
GSF-2 (2) 16.7 2.22 0.30 0.36
GSF-3 (1) 23.9 3.19 0.31 0.41
GSF-3 (2) 23.7 3.16 0.31 0.42
GSF-4 (1) 15.3 2.04 0.30 0.33
GSF-4 (2) 15.9 2.12 0.30 0.33
SRF (1) 27.3 3.70 0.30 2.03
SRF (2) 28.5 3.64 0.31 2.19

5. Numerical Analysis and Consecutive Models

The nonlinear finite-element analysis (NLFEA) comprises modelling of the slab speci-
mens, introducing the element type, material properties, boundary conditions, meshing
and loading. To obtain accurate results from the numerical simulations, all the necessary
components such as OPC/HVFA concrete, steel rods and GFRP sheets were modelled prop-
erly with the aid of nonlinear stress–strain graphs and the material properties. Numerical
analysis using ANSYS Workbench 2022-R1 was carried out to simulate the OPC/HVFA
concrete slabs reinforced with steel bars/GFRP sheets.

From the experimental investigation, it was observed that the OPC/HVFA concrete
slabs reinforced with three layers of GFRP sheets had the highest ultimate load-carrying
capacity when compared with the slabs reinforced with two and four layers of GFRP sheets.
Hence, the slab specimens SRC, SRF, GSC-3 and GSF-3 were analysed using nonlinear
finite-element analysis.

5.1. Considerations for Element Types

In ANSYS, M25 grade concrete was modelled using SOLID 65, which is an eight-noded
element consisting of 3 degrees of freedom in x, y and z directions and capable of cracking
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in three orthogonal directions. The GFRP sheet was modelled with four-noded SHELL 181
elements. Two-noded LINK 180 element was used to model the steel reinforcement [39].
The bonded contact was used between the GFRP sheet and concrete to prevent separation
between them.

5.2. Modelling and Numerical Solution

The modelling of the slab specimens was performed via a geometry design modeller
in the ANSYS Workbench 2022-R1. The effect of crack pattern, stress, strain, ultimate load,
ultimate deflection and displacement of concrete with different types of end conditions
could be analysed in the ANSYS [40–42]. Geometry with the support conditions and load
points of application and 3D meshed modelling of the slab specimen are shown in Figure 20.
Steel bars/GFRP sheet reinforcement with a sheet thickness of 3 mm was provided at 20 mm
from the bottom.

Figure 20. Slab specimen (a) Geometry and (b) 3D meshed model.

In NLFEM, an incremental loading that was the same as the sequence of loading used
for the experiment was applied until the failure of the specimens. The load–deflection
parameters were recorded during the loading step. The ultimate deflection of the SRC, SRF,
GSC-3 and GSF-3 slabs obtained from the numerical analysis is shown in Figure 21. The
ultimate load of the slab specimen SRC, SRF, GSC-3 and GSF-3 are 23 kN, 27 kN, 23.5 kN
and 23 kN, respectively, with the ultimate deflection of 15.9 mm, 16.4 mm, 2.5 mm and
2.2 mm, respectively.
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Figure 21. Cont.
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Figure 21. Ultimate deflection of slab (a) SRC, (b) SRF, (c) GSC-3, (d) GSF-3.

5.3. Comparison of Experimental Results with NLFEA Results

The comparison between experimental and NLFEA results is shown in Table 6. Less
than 10% difference in the ultimate load and ultimate deflection of the SRC, SRF, GSC-3
and GSF-3 was noticed between the experimental and NLFEA results. Figure 22 shows the
comparison of the load–deflection relationship of the SRC and SRF, and Figure 23 shows
the comparison of the load–deflection relationship of the GSC-3 and GSF-3 obtained from
the NLFEA analysis and the experimental investigation. From the results, it is observed
that both the experimental and numerical results are in good correlation. Hence, ANSYS
2022-R1 software can be used for the analysis of fly-ash concrete slabs reinforced with a
GFRP sheet.

Table 6. Comparison between experimental and numerical results.

Specimen

Ultimate Load (kN) Deflection at Mid-Span (mm)

Experimental
NLFEA

(ANSYS)
Experimental

NLFEA
(ANSYS)

SRC 24 23 16.2 15.9
SRF 28.5 27 17.9 16.4

GSC-3 24 23.5 2.7 2.5
GSF-3 23.9 23 2.4 2.2

136



J. Compos. Sci. 2022, 6, 169

Figure 22. Comparison between experimental and numerical load–deflection relationship of (a) SRC
and (b) SRF.

Figure 23. Comparison between experimental and numerical load–deflection behaviour of (a) GSC-3
and (b) GSF-3.

6. Conclusions

This study presents the results of an experimental investigation involving sixteen
simply supported slab specimens made of OPC/HVFA concrete reinforced with steel
bars/GFRP sheets.

1. HVFA slabs reinforced with the steel bars (SRF) recorded a 17% increase in their
ultimate load-carrying capacity compared with the OPC slabs reinforced with the steel
bars (SRC).

2. All the specimens failed due to the formation of flexural cracks that propagate to the
top surface at failure with concrete crushing. Slabs reinforced with two layers of GFRP
sheets failed in the formation of flexural cracks under the two-loading point. However,
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the slab reinforced with three layers and four layers of GFRP sheets showed flexural
cracks as well as horizontal cracks.

3. The average ultimate load-carrying capacity of OPC/HVFA concrete slabs reinforced
with three layers of GFRP sheets (GSC-3/GSF-3) has the same strength as that of slabs
reinforced with the steel bars (SRC).

4. The ultimate average load-carrying capacity of a slab reinforced with three layers of
GFRP sheets (GSC-3 and GSF-3) is more than that of the slabs reinforced with two and
four layers (GSC-2, GSC-4, GSF-2 and GSF-4) by 39%, 49%, 41% and 53%, respectively.

5. Less than 10% difference in the ultimate load and ultimate deflection of SRC, SRF,
GSC-3 and GSF-3 was observed between the experimental and NLFEM results. Hence,
ANSYS Workbench 2022-R1 software could be used for the numerical analysis of
fly-ash concrete slabs reinforced with a GFRP sheet.

From this study, it is evident that a one-way slab cast with OPC concrete/high-volume
fly-ash concrete could be reinforced with GFRP sheets instead of steel bars. This study also
reinstates the potential use of high-volume fly ash as a replacement of cement in concrete
slab. Thus, a reduction in OPC content in concrete could be an effective way of mitigating
the effect of greenhouse-gas emissions, leading to sustainable construction.
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Abstract: The plastic hinge is the most critical damaging part of a structural element, where the
highest inelastic rotation would occur. In particular, flexural members develop maximum bending
abilities at that point. The current paper experimentally investigates the influence of steel fiber
reinforcement at the plastic hinge length of the concrete slab under repeated loading, something
which has not been reported by any researcher. Mechanical properties such as compressive strength
and tensile strength of M20-grade concrete that are used for casting specimens are tested through the
compressive strength test and the split tensile strength test. Six different parameters are considered
in the slab while carrying out this study. First, the conventional concrete slab and then the steel-
fiber-reinforced slab were cast. The plastic hinge length of the slab was calculated through different
empirical expressions taken from methods by Baker, Sawyer, Corley, Mattock, Paulay, Priestley and
Park. Finally, the steel fiber was added as per methods detailed by Paulay, Priestley and Park in the
plastic hinge length mechanism in the concrete slab at 70 mm and 150 mm separately. The results
arrived through experimental investigation by applying repeated loads to the slab, indicating that
steel fibers used at critical sections of plastic hinge length provide similar strength, displacement,
and performance as that of the conventional RCC slab and fully steel-fiber-reinforced concrete slabs.
Steel fiber at a plastic hinge length of slab has a better advantage over a conventional slab.

Keywords: SFRC (steel-fiber-reinforced concrete); conventional RCC slab; plastic hinge length;
repeated loading and composite material

1. Introduction

The maximum bending moment occurs at the plastic hinge length, which is considered
to be the most critically damaged location of the RCC member and will experience more
inelastic deflection in the member. In recent years, researchers have become more interested
in the length of plastic hinges. The experimental study of plastic hinge length examines the
load-carrying capacity and its deformation capability. When the RCC member is subjected
to load, the deformation is inelastic, and these inelastic zones result in places where the
bending moment is greater. As the applied load is raised further, the zones rotate till the
final hinge is formed, and this results in the collapse of the structural member [1].

The plastic hinge length can be obtained by various formulas devised by scientists
such as Sawyer, Baker, Priestley, Park, etc. These formulas can be used to find the required
plastic hinge for the slab, which is a factor of the concrete grade and reinforcement detailing.
It is also a factor of support distance, contra flexure distance, and the geometry of the
member [2,3]. Nazaripoor et al. [4] have studied the acoustic emission damage detection
by performing three-point bend tests and demonstrating the accumulation of flexural
damage for composite panels of different sizes and fiber volume content. Paulay et al. [5]
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studied over one thousand specimens representing various types of reinforced concrete (RC)
members (beams, columns, and walls). This was then used to develop expressions for the
deformations of RC members at yielding or failure under cyclic loading in terms of member
geometric and mechanical properties. The yield and ultimate curvature expressions based
on the plane-section assumption agree on averages within the test results, but with a large
scatter. The same was found to be true for models based on curvatures and the concept of
ultimate drift or chord-rotation capacity [5].

The previous study by Paulay et al. [4] was created for analytical purposes, and the
analysis was created to study the behavior of RCC members subjected to various loadings
and plastic hinge lengths. The properties of steel-fiber-reinforced concrete (SFRCs) are de-
termined by the amount and percentage of fibers introduced into the concrete. The length
of the plastic hinge zone is an important design parameter that should be provided with
intense confinement to increase the ductility of the member to survive extreme events
such as earthquakes. The behavior of plastic hinges is extremely complicated due to the
high nonlinearity of the materials, interaction, relative movement between the constituent
materials, and strain localization. As a result, the majority of researchers [6,7] used experi-
mental testing to investigate the problem. The plastic hinge zone’s performance is crucial
for flexural members since it regulates the load-bearing and deformation capabilities of the
member. A computational model is developed and validated using existing experimental
data, such as load-deflection response, rotational capacity, and reinforcement stress and
strain distributions detailed by Qin et al. [8].

The length of the rebar yielding zone is thought to represent the upper bound of
the three physical inelastic deformation zones, with its value never exceeding more than
twice the effective depth of the cross-section in any of the conditions investigated by
Zhao et al. [9]. The diameter of the rebar under tension has a reduced impact on the plastic
hinge length and flexural capacity of the member due to its impact on bond strength.
The true plastic hinge zone is much smaller than the yielding zone of the member, which
comprises the majority of the plastic rotation. None of the existing empirical models for
forecasting plastic hinge length have taken all of these crucial aspects into account [9]. A con-
stitutive model has been developed for material non-linear analysis of steel-fiber-reinforced
concrete slabs supported on the soil. The energy absorption capacity provided by fiber
reinforcement is taken into account in the material constitutive relationship. The plasticity
theory is used to explain the elastoplastic behavior of concrete [10].

The RCC member would fail immediately without providing a prior warning when
this plastic hinge is formed. For these reasons, understanding the behavior of plastic
hinge length formations is critical in RCC construction. Steel fibers have been used as
replacements for conventional RCC structures as they have good tensile strength and
delay the brittle failure of the concrete. The goal is to contribute to the development of
design guidelines that can accurately predict the punching resistance of SFRC flat slabs.
Past investigation data show that SFRC has better performance than conventional concrete.
To have better performance [11–14], the steel fibers are used at 1.5% of the volume of
the concrete.

Holschemacher et al. [15] tested 28 steel-fiber-reinforced concrete (SFRC) slabs un-
der flexure to see the effect length of steel fiber percentage on the energy absorption
capacity of concrete slabs with varying concrete strengths. According to the findings
from the tests, longer fibers with a greater fiber content were found to absorb more en-
ergy. The findings are contrasted with a theoretical prediction based on fiber distribution
randomness. The theoretical technique yielded a larger energy absorption than the experi-
mental method. Within the range of fiber volumetric percentages employed in the study, a
design technique based on permissible deflection is provided for SFRC slabs [15].

Fiber concrete is a technology that has been studied for several decades, mostly to
prevent cracking in specific reinforced concrete constructions. Fiber concrete has recently
been examined for use in various applications, such as the total replacement of steel-
reinforcing rebar. The behavior of a fiber concrete slab was investigated using a validated
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numerical model [16–18]. The findings demonstrated that fiber concrete slabs without
rebar reinforcement met the limit states required by the different dwellings (spans ranging
from 4–5 m). The effect mechanisms of SFRC’s strength parameters and slab’s structural
parameters are clarified using both finite element and theoretical analysis and a technique
are devised [16–18]. Service stress limits in SFRC slabs were achieved at higher demands
than in RC slabs. When service stress limitations in SFRC slabs were achieved, crack widths
were substantially less than conventional crack width limits, indicating that designing for
crack widths may be an effective way of addressing serviceability in SFRC slabs [16–18].

Paramasivam et al. [19] conducted 50 tests on reinforced concrete slab specimens; both
repaired and unrepaired slabs were examined under static and cyclic stress conditions.
The specimens had a rectangular cross-section of 300 × 80 mm and were tested in flexure
on a span of 600 mm with a line load at mid-span. Four different kinds of specimen were
tested. The performance of statically loaded to failure specimens was tracked, whereas
the deterioration of flexural rigidity of cyclically loaded specimens was examined after a
preset number of cycles at various stress levels [19]. Steel-fiber-reinforced concrete (SFRC)
is used to improve the flexural and cyclic responses of reinforced concrete bridge deck slabs.
First, cyclic loads were applied to one plain concrete slab and two SFRC slabs reinforced
with mill-cut steel fibers and corrugated steel fibers, respectively. Load-deflection responses,
cyclic deformation behaviors, strain and fracture development are all examined. The results
show that employing SFRC in deck slabs improves cyclic deformation performance, reduces
residual strain in the slab section, and improves crack behavior by decreasing residual
fracture width and improving cracking stiffness [20,21].

Experimental and numerical analyses were used to investigate the impact of fiber
clustering on the fatigue behavior of steel-fiber-reinforced concrete (SFRC) beams with
reinforcements. Furthermore, to better understand the underlying mechanism, the fiber
distribution in the cross-section of concrete was experimentally investigated. The re-
sults showed that when the fiber volume percentage grew, the fatigue life of the beam
increased [22]. To forecast the shear strength of steel-fiber-reinforced concrete beams, a
mechanics-based mathematical model that considers the effect to resist shear was sug-
gested (without transverse reinforcement). The suggested model’s efficacy was tested
using a wide number of datasets, and it was discovered that it had good correlations with
experimental results, with mean, standard deviation, and coefficient of variation of 0.94%,
0.22%, and 22.99%, respectively. In addition, each effect to resist shear contribution was
recommended [23].

Although the importance of fiber distribution to the characteristics of SFRC members
was highlighted in the literature listed above, the underlying mechanism of fiber distri-
bution to the fatigue performance of SFRC, as well as the behavior of the beam and slab
under static and repetitive loading, was not. Even though there have been some studies on
identifying plastic hinges, the contribution of steel fibers to plastic hinge length has had
little attention. There has been no research on the impacts of fiber distribution at the slab’s
plastic hinge length under repeated stress.

In this paper, the concrete was tested experimentally with various SFRC parameters
at various plastic hinge lengths. Using five different slabs of varying parameters, the
behavior of steel fiber at the plastic hinge length under repetitive loads was investigated.
The mechanical properties of the RCC slab were determined for standard concrete and
SFRC. The properties of the steel fiber slab at plastic hinge length were determined under
repeated loading becomes the novelty of this work. In the future, the plastic hinge length
concept along with different strengthening techniques may be applied to beams and slabs
under different types of loading.

The plastic hinge will form at the yielding zone of any structural member, which is the
location of the highest bending moment. The most crucial damaged region of the structural
element is the plastic hinge zone, where the more inelastic rotation would occur in the
structural element. The shape of the bending moment diagram (BMD), the support distance,
the contra flexure distance, and the geometry of the member all influence the plastic hinge.
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The BMD considers the concrete’s durability and the amount of steel required. The plastic
hinge length of the RCC member has been calculated using a variety of empirical formulae.
Table 1 contains a collection of formulas for determining the length of a plastic hinge.

Table 1. Empirical formula to calculate plastic hinge length.

Description Empirical Formula

Baker (1956) k(z/d)1/4 d
Herbert and Sawyer (1964) 0.25 d + 0.075 z

Corley (1966) 0.5 d + 0.2
√

d (z/d)
Priestley and Park (1987) 0.08 z+ 6 db

Paulay and Priestley (1992) 0.08 z+ 0.022 dbfy

The empirical formulas of Corley, Herbert and Baker provide the same results. The empirical
formula provides a high value for plastic hinge length and a factor of the diameter of the
rebar. Figure 1 shows the plastic hinge length formed due to the application of load ‘w’.

Figure 1. Plastic hinge length (Lp).

2. Materials

Table 2 shows the M20 grade mix design used in the experimental studies. The steel
fibers until utilized in the casting had a hook end of 30 mm and a diameter of 0.5, and they
were cast in M20 concrete. Steel fiber accounts for 1.5% of the weight of concrete in the
specimen. The steel fiber parameters used in this study are listed in Table 3.

Table 2. M20 grade mix design as per IS 10262-2009.

Component Quantity Quantity (kg/m3)

Cement 438.7
F.A 757.28
C.A 1071.11

Steel Fiber 36.96
W/C 197

Table 3. Properties of steel fibers.

Description Properties

Shape Straight
L(length) 30 mm

Dia 0.5 mm
L/Dia 1/60

Figure 2 depicts the picture of the steel fibers, of which the weight is about 1.5% of
the concrete.
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Figure 2. Steel fibers (30 mm length and 0.5 mm diameter).

Slab Specifications

The slabs cast for the experimentation have the dimensions 850 mm × 300 mm × 80 mm
as per the Indian standard IS456-2000. Five distinct slabs are cast, each with their own sets of
criteria, such as minimum reinforcement and plastic hinge length. Mattock’s (0.5 d + 0.05 z)
and Priestly and Park’s (0.08 z + 6 db) empirical formulas are used to compute the plastic
hinge length of slabs. The minimum reinforcement considered for the slab is a 10 mm
diameter bar of three numbers as longitudinal reinforcement at 100 mm c/c anan d 8 mm
diameter bar of 6 numbers as transverse reinforcement with 150 mm c/c based on the
requirement and laboratory condition as per the design. Figure 3a,b represent the con-
ventional RCC concrete slab with minimum reinforcement and Figure 3c shows the steel-
fiber-reinforced concrete slab. Figure 3d shows the combination of RCC concrete slab and
steel-fiber-reinforced concrete slab of 1.5% of the weight of the concrete. Consecutively, the
steel-fiber-reinforced concrete with 1.5% weight of the concrete at 150 mm and 70 mm
plastic hinge length are shown in Figure 3e,f, respectively. The complete specifications and
details of slabs are mentioned in Table 4, along with plastic hinge length.

Table 4. Dimensions and specifications of slabs.

Sl.No Description Dimension (mm)
Plastic Hinge
Length (mm)

Reinforcement Details

1 RCC Slab 850 × 300 × 80 -

Longitudinal-3 no’s 10 mm
diameter bar at 100 mm c/c

Transverse-6 no’s 8 mm diameter
bar at 150 mm c/c

2 SFRC Slab 850 × 300 × 80 - -

3 SFRC Slab + Min
Reinforcement 850 × 300 × 80 -

Longitudinal-3 no’s 10 mm
diameter bar at 100 mm c/c

Transverse-6 no’s 8 mm diameter
bar at 150 mm c/c

4 SFRC + Lp @150 mm 850 × 300 × 80 150 -

5 SFRC + Lp @70 mm 850 × 300 × 80 70 -
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Figure 3. Cont.
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Figure 3. Schematic representation of different types of slabs. (a) Reinforcement details of slab;
(b) RCC Slab; (c) SFRC Slab; (d) SFRC Slab + Min Reinforcement; (e) SFRC + Lp @150 mm;
(f) SFRC + Lp @70 mm.
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3. Experimental Test Procedure and Results

3.1. Test Specimens

Before casting the slabs, the compressive strength of concrete, split tensile strength and
flexure strength of concrete are investigated as per codal standards to finalize the concrete
used for casting the specimens. Ten cubes of size 150 mm × 150 mm × 150 mm were cast,
out of which 5 cubes are made of conventional concrete of grade M20. Meanwhile, the
5 remaining same-sized cubes were cast with steel-fiber-reinforced concrete of 1.5% by
weight of concrete. Cylinders of size 100 mm × 200 mm of 10 numbers are cast to determine
the tensile strength of concrete through a split tensile strength test. In total, 5 cylinders
are made of conventional concrete and the remaining 5 are made of steel-fiber-reinforced
concrete. In total, 6 flexure beams of size 500 mm × 150 mm × 150 mm were cast, out
of which 3 beams are made of conventional concrete and 3 beams are made of SFRC to
determine the flexural strength of concrete.

Testing slabs of different configurations based on the parameters of the study are cast.
The size of all the 6 specimens of slabs remain the same as 850 mm × 300 mm × 80 mm, but the
change in parameters is carried out through reinforcement detailing. Minimum reinforcement
is provided in the first conventional concrete slab. Meanwhile, the second specimen was
completely replaced with steel-fiber-reinforced concrete, and the third specimen was a
combination of both the cases mentioned above. The last 2 specimens are dosed with steel
fibers placed at the plastic hinge length of 70 mm and 150 mm, and the remaining portion of
the slab is completely made of plain cement concrete. Figure 4a,b show the cube specimens
and cylinder specimens to be tested after 28 days of curing. Figure 4c, shows the flexure
beam specimen (RCC beam and SFRC beam) and Figure 4d–h, shows the 5 slab specimens
(RCC slab, SFRC slab, SFRC + min rein, SFRC + 150 mm, SFRC + 70 mm) to be tested.

3.2. Experimental Setup

A hydraulic jack is connected with a load cell of 200 kN capacity fixed to the self-
straining testing frame, and the slab is fixed on all the sides. The repeated loading is
applied to the top of the slab at the center, as shown in Figure 5a,b. A mechanical dial
gauge is fixed below the loading area of the slab to measure the deflection of the slab under
repeated loading.

3.3. Repeated Loading

Figure 6 shows the repeated loading processes for slab specimens. Plastic hinge
lengths were calculated to be 70 mm and 150 mm, respectively, based on the theoretical
study. The slab loads applied are always kept between load levels of 0 kN to 100 kN.
For all cyclic loading stages, the force-controlled mode with rates of 10 kN was used.
Upon loading 10 cycles at the maximum of 10 kN per cycle were applied on the slab.

3.4. Result and Discussion

The compressive strength, split tensile strength and flexural strength of both RCC
and SFRC are determined by a compression testing machine. The average strength of the
specimen for both concrete types tested is presented in Figure 7a–c. The concrete strength
is high in all aspects when the steel fiber reinforcement was used as mentioned in Table 5.

After carrying out the compressive strength test in the testing machine for cast cubes,
which are cured in a concrete tank for 28 days, the strength of concrete after crushing
was found to be 22 N/mm2, 21 N/mm2, and 22 N/mm2 for all three cubes, respectively.
Therefore, the target strength of the M20 grade is achieved and the same is used for casting
the concrete beams and slabs. Cylinders with 1.5% steel fiber amount of concrete are
cast and cured for 7, 14, and 28 days. The same has been tested for split tensile strength.
For all the three curing periods, SFRC specimens outperformed plain cement concrete
specimens in terms of strength. 28 days cured, SFRC concrete cylinders achieved around
4 N/mm2 when compared with plain cement concrete cylinder’s strength of 2.7 N/mm2,
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as mentioned in Figure 7a. A flexure beam with 1.5% steel fiber amount by weight of
concrete was cast and cured for 7, 14, and 28 days.

The same has been tested for flexural strength, as mentioned in Figure 7c. For all
the three curing periods, SFRC specimens outperformed plain cement concrete specimens
in terms of strength. After curing for 28 days, SFRC concrete beams achieved around
3.92 N/mm2 when compared with plain cement concrete flexural strength of 2.86 N/mm2.

Figure 4. Test specimens (a,b) the cube specimens and cylinder specimens; (c) flexure beam specimen;
(d) RCC slab specimen; (e) SFRC slab specimen; (f) SFRC + min rein specimen; (g) SFRC + 150 mm
specimen; (h) SFRC + 70 mm specimen.
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Figure 5. (a) Experimental setup for repeated loading; (b) schematic representation of loading Frame.

The modulus of elasticity was calculated by applying uniaxial compression to the
cylinder specimen and measuring the deformations with a dial gauge set between the
200 mm gauge length, as illustrated in Figure 7d. The tests were carried out using a
compressometer in accordance with the IS 516-1959. The cylinder specimens were put on a
compression testing machine, and a uniform load was applied until the cylinder reached
its failure. The target load and deflection were taken into consideration.

The deflection values are calculated as a strain based on length change. The strain
is calculated by dividing the dial gauge readings by the gauge length, and the stress
is calculated by dividing the load applied by the area of the cylinder’s cross-section.
The deformation of various loads was recorded and the findings were plotted graphically
against the tension to determine the Young’s modulus of concrete of both the conventional
and SFRC specimen as shown in Figure 7e,f. Later, the modulus of elasticity of conventional
concrete and of steel-fiber-reinforced concrete (SFRC) was derived as 25.47 N/mm2 and
29.025 N/mm2, as mentioned in Table 6.
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Figure 6. Repeated loading procedures.

The five slabs were subjected to repeated loading, and the experimental setup is
presented in Figure 5b. The deformation of the slabs was measured by a digital dial
gauge. The repeated load was applied on all the types of slabs and the obtained results are
tabulated in Table 5. A maximum load of 96 kN was achieved by a steel-fiber-reinforced
slab with a minimum reinforcement and the deflection observed in the dial was 5.78 mm.
Meanwhile, an SFRC slab with a steel fiber amount of 1.5% at 150 mm plastic hinge length
achieves an 80 kN maximum load with a deflection of 7.29 mm. A minimum of 40 kN was
achieved at a 70 mm plastic hinge length as given in Table 7.

Table 5 shows the test results of the five different slab specimens subjected to repeated
loading. The RCC slab has less deflection compared with the other slab; however, the
maximum load at the failure for RCC is less compared with the SFRC slab and SFRC
Slab + Min Reinforcement and SFRC + Lp @150 mm. Hence, the load-carrying capacity
for the SFRC slab, SFRC Slab + Min Reinforcement, and SFRC + Lp @150 mm is greater
compared with the RCC slab. This shows that the performance of the SFRC slab, SFRC Slab
+ Min Reinforcement and SFRC + Lp @150 mm is better than the RCC slab.

Figure 8a depicts the load versus deflection for a repeatedly loaded RCC slab. Figure 8b
shows the load versus deflection for the SFRC slab under repeated loading (half cycle),
which has less deflection than the RCC slab because steel fibers increase the strength of
the concrete slab. The load versus deflection curve for the SFRC + minimum reinforced
slab subjected to repeated loading (half cycle) is shown in Figure 8c, and it outperforms the
RCC slab. Figure 8d depicts the load versus deflection curve for an SFRC + Lp 150 mm slab
subjected to repeated loading (half cycle), demonstrating improved performance as steel
fibers are added to the plastic hinge length. Figure 8e depicts the load versus deflection
curve for an SFRC + Lp 70 mm slab subjected to repeated loading (half cycle), which
performs satisfactorily but has more deflection than an SFRC + Lp 150 mm slab.

From the load–displacement curve, it is very clear that up to 60 kN, a conventional
RCC slab behaves well, and the curves show the even distribution of load. After that, there
is an uneven scattering of load due to the strength-losing character of the slab. Once the
steel fibers are added to the slab, the curves are evenly scattered due to the improvement
in the ductility of the slab. Steel fibers at 150 mm plastic hinge length and steel fibers
amounting for overall slab behavior are almost identical, which comes to around 5.78 and
7.29 mm with a maximum load of 96 kN and 80 kN.
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Figure 7. Cont.
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Figure 7. (a) Split tensile strength; (b) split tensile strength testing machine; (c) flexural strength
test; (d) compression test of cylinder specimens with compressometer; (e) stress–strain behavior of
conventional concrete; (f) stress–strain behavior of SFRC.
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Table 5. Mechanical properties of concrete.

Sl.No Type
Compressive Strength Split Tensile Strength Flexural Strength

28 Days Curing

1 Conventional Concrete 22 N/mm2 2.7 N/mm2 2.86 N/mm2

2 Steel-Fiber-Reinforced
concrete (SFRC) 26 N/mm2 4 N/mm2 3.92 N/mm2

Table 6. Modulus of elasticity of specimens.

Sl.No Specimen Modulus of Elasticity

1 Conventional Concrete 25.47 N/mm2

2 Steel-Fiber-Reinforced
concrete (SFRC) 29.025 N/mm2

Table 7. Test load deflection of the slab under cyclic loading.

Slab Specimen Description Max Load (kN)
Deflection

of the Slab (mm)

1 RCC Slab 68 2.31
2 SFRC Slab 72 4.58

3 SFRC Slab + Min
Reinforcement 96 5.78

4 SFRC + Lp @150 mm 80 7.29
5 SFRC + Lp @70 mm 40 6.75

Deflection of the specimen SFRC with minimum reinforcement was decreased and
the corresponding ultimate load was increased than RC Slab and SFRC slab. The addition
of steel fibers increased the stiffness and ultimate load. At the initial stage of loading,
the stiffness of the slabs was high. As the load increased, the stiffness of the slab was
reduced, and cracks were formed. SFRC at plastic hinge length with minimum reinforce-
ment has a higher initial crack load than SFRC at plastic hinge length without minimum
reinforcement. Additionally, the deflection of SFRC at plastic hinge length with minimum
reinforcement was lesser than SFRC at plastic hinge length without minimum reinforce-
ment. Comparing SFRC at plastic hinge length with minimum reinforcement and SFRC
with minimum reinforcement, deflection of SFRC at plastic hinge length with minimum
reinforcement was thus equal to SFRC with minimum reinforcement. Specimens with
bar reinforcement had lower deflection and higher ultimate load than specimens without
reinforcement. As a result, steel-fiber-reinforced concrete increased the flexure strength of
the slab under loading.

Figure 9a depicts the crack pattern on the RCC slab due to repeated loading (half cycle).
Figure 9b depicts the crack pattern on the SFRC slab as a result of repeated loading (half
cycle), demonstrating that cracks are minimal in comparison to the RCC slab. Figure 9c
depicts the crack pattern on the SFRC + min reinforced slab as a result of repeated loading
(half cycle), demonstrating that the cracks are very small in comparison to the RCC slab.
Figure 9d depicts the crack pattern on the SFRC + Lp 150 mm slab as a result of repeated
loading (half cycle), demonstrating that cracks are kept to the minimum because steel
fibers are included in the plastic hinge length. Figure 9e depicts the crack pattern on the
SFRC + Lp 70 mm slab as a result of repeated loading (half cycle), demonstrating that
cracks are more prevalent than on the SFRC + Lp 150 mm slab.
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Figure 8. (a) Load versus deflection curve for RCC Slab; (b) load versus deflection curve for SFRC
Slab; (c) load versus deflection curve for SFRC + Minimum reinforcement Slab; (d) load versus
deflection curve for SFRC + Lp 150 mm; (e) load vs. deflection curve for SFRC + Lp 70 mm.

155



J. Compos. Sci. 2022, 6, 164

The conventional RCC slab developed a 2 mm diagonal crack running almost the
whole length of the specimen, and the SFRC Slab at 70 mm plastic hinge length shows the
wider brittle cracks of 4 mm at the middle of the slab where the maximum deflection took
place. Meanwhile, the SFRC Slab with minimum reinforcement and the SFRC Slab with
150 mm plastic hinge length shows a 1 mm crack width and that crack moved away from
the maximum deflection zone to another area.

Figure 9. Cont.
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Figure 9. (a) Depiction of the crack pattern on the RCC slab due to repeated loading (Half cycle);
(b) depiction of the crack pattern on the SFRC slab due to repeated loading; (c) depiction of the crack
pattern on the SFRC + minimum reinforcement slab due to repeated loading; (d) depiction of the
crack pattern on the SFRC + Lp 150 mm due to repeated loading; (e) depiction of the crack pattern on
the SFRC + Lp 70 mm due to repeated loading.

4. Conclusions

The examination of steel fiber reinforcement at the plastic hinge length of slab is
presented in this experimental investigation. The mechanical properties of five distinct slabs
are studied after they are cast and subjected to repeated loading (half cycle). The conclusions
obtained from this following are as follows:

1. Steel-fiber-reinforced concrete with the amount of 1.5% shows better performance
in compressive as well as split-tensile strength compared with that of conven-
tional concrete.

2. Split tensile strength of steel-fiber-reinforced concrete seems to be 1.5 times higher
than that of conventional concrete due to the distribution of steel fibers in concrete,
which influence the bonding and improves the ductility. The modulus of elasticity
was calculated by applying uniaxial compression to the cylinder specimen showing
that SFRC specimen with 1.5% steel fiber performs 1.14 times better than the conven-
tional concrete specimen. Hence, the same was adopted for slab specimen casting.
The behavior under bending is evident from the flexural strength test, where the
flexure beam with steel fibers shows 1.39 times performance improvement than that
of a conventional concrete beam.
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3. The steel fiber reinforcement in the concrete provides higher ductility and can with-
stand intensive loads compared with conventional concrete when subjected to re-
peated loading (Half cycle). Steel-fiber-reinforced concrete at 150 mm plastic hinge
length and steel fiber dosed throughout the slab span have similar types of crack
pattern, and the failure occurred at the same time due to improved ductility; cracks
are forming away from the maximum deflection zone due to the steel fiber at the
hinge length.

4. The SFRC slab shows relatively fewer deflections compared with the RCC slab. A sim-
ilar observation was noticed in the SFRC slab with the addition of minimum reinforce-
ment because the steel fibers increase the strength of the slab. Steel fiber reinforcement
at 150 mm plastic hinge length provides equal ductility, and resistance against the
load is equal to that of SFRC and minimum reinforcement slab.

5. Crack formation in the steel-fiber-reinforced slab at a plastic hinge length of 150 mm
shows 1 mm crack width, which moved away from the maximum stress zone.
The crack pattern was similar to that of a fully steel-fiber-reinforced concrete slab.

6. Rather than using the steel fibers throughout the member, the steel fibers can be
incorporated at the plastic hinge length alone. This provides a similar performance
to that of a full SFRC slab. This would decrease the quantity of steel fiber and is
more economical.

7. Based on the experimental results, it is evident that incorporating steel fibers into the
150 mm plastic hinge length of the slab alone will result in a more economical and
efficient method of slab construction.

8. Further studies can be carried out for other structural elements with different fibers
under different types of loading conditions.
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Abstract: Fiber-reinforced polymer (FRP) rods are advanced composite materials with high strength,
light weight, non-corrosive properties, and superior durability properties. Under severe environ-
mental conditions, for concrete structures, the use of glass-fiber-reinforced polymer (GFRP) rods is a
cost-effective alternative to traditional steel reinforcement. This study compared the flexural behavior
of an OPC concrete slab with a high-volume fly ash (HVFA) concrete slab reinforced with GFRP
rods/steel rods. In the fly ash concrete slabs, 60% of the cement used for casting the slab elements
was replaced with class F fly ash, which is emerging as an eco-friendly and inexpensive replacement
for ordinary Portland cement (OPC). The data presented include the crack pattern, load–deflection
behavior, load–strain behavior, moment–curvature behavior, and ductility of the slab specimens.
Additionally, good agreement was obtained between the experimental and nonlinear finite element
analysis results using ANSYS 2022-R1. The study also compared the experimental moment capacity
with the most commonly used design standard ACI 440.1R-15. This investigation reveals that there is
a huge potential for the utilization of GFRP rods as reinforcement in fly ash concrete slabs.

Keywords: glass-fiber-reinforced polymer (GFRP) rods; concrete slab; high-volume fly ash;
moment–curvature; ductility

1. Introduction

Sustainability is an important factor for the well-being and continuous growth of
society. The reduction in CO2, the main ingredient of greenhouse gases, has become critical
for ensuring a sustainable ecosystem. Cement is the prime ingredient in concrete, and
its production leads to 7 to 10% of global carbon emissions. Because of its pozzolanic
properties, fly ash can be utilized as a cement substitute in concrete slab elements. The
pozzolanic properties of fly ash suggest that it could be utilized as a cement substitute
in slab elements. Green concrete is becoming more popular in the construction business
because of the disadvantages of traditional concrete. The various green concrete types
available are geopolymer concrete, ultrahigh performance concrete, high-volume fly ash
concrete, and lightweight concrete [1,2].

Fly ash has become an important ingredient in concrete, as the spherical shape of fly
ash helps in improving the workability of fresh concrete, and its smaller particle size helps
it fill voids in the concrete, leading to the production of dense and durable concrete. Class
F fly ash is widely used by the construction industry [3–5]. Reinforced concrete (RC) beams
can be prepared, which contain 50% fly ash instead of cement [6]. High-volume fly ash
(HVFA) concrete, in which 60% of cement was replaced with fly ash, showed excellent
mechanical properties with enhanced durability performance. Replacing 60% of cement
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with fly ash can produce adequate strength in self-compacting concrete [7]. Concrete
containing up to 60% fly ash plus a chemical superplasticizer can be adjusted to meet
structural-grade concrete strength and workability criteria. The early-age compressive
strength of fly ash concrete was less than that of the control concrete, but the strength of
the fly ash concrete gradually improved over a long period due to the pozzolanic reaction.
However, the strong growth of control samples stopped after 56 days of curing [8–10].

In concrete structures, the use of non-metallic FRP reinforcement as an alternative to
steel reinforcement is gaining acceptance due to its resistance to corrosion and its better
mechanical properties. FRP composites have the advantage of high strength, light weight,
and corrosion resistance and are considered for rehabilitation and strengthening purposes
in concrete structural members [11].

The FRP rod assures better long-term performance than steel reinforcement [12].
Shave [13] suggested that to prevent corrosion, FRP rods can be used instead of steel rein-
forcement in precast concrete structures. Nowadays, the use of FRP is still not widespread
despite its high potential for application in the field of civil engineering and the advantages
it provides as an alternative to steel bars. One of the reasons for this may be the lack of
design codes for the design of FRP structures.

GFRP rods can be used to improve the structural response of existing flat slabs and
also to withstand higher longitudinal strains. They also provide remediation for punching
shear failure [14]. The HVFA concrete element with GFRP composites could provide
better fire protection up to 1100 ◦C [15]. In addition, the use of a flame retardant and
nanoparticles on the fiber composite can improve the mechanical properties of the GFRP
composite, which can also significantly improve the lifespan [16–21]. The fiber composite
also showed promising electrical conductivity, a positive effect on the post-fracture residual
stiffness, redundancy, resistance, load-bearing capacity, and flexural strength of structural
beams [22–24].

The crack width limitations for reinforced concrete (RC) elements reinforced with
FRP rods are more relaxed than for RC elements reinforced with steel rods. Less severe
crack width limits could be adopted, as FRP bars are corrosion-resistant [25]. When the
whole-life cost of GFRP bars is considered, they provide an economical solution, reduce
maintenance costs, and increase the useful life of the structure. The installation of GFRP
rods in structural elements is similar to that of steel rods, along with fewer handling,
transporting, and storage problems [26–28]. As GFRP bars are anisotropic composite
materials, they have higher tensile strength. The yield tensile strength of GFRP bars is
13% higher than that of steel rebar. The yield strain of the GFRP bar is 58% higher than
that of steel rebar [29]. Research carried out on concrete structural elements reinforced
with GFRP rods showed no reaction or degradation process in the presence of an alkaline
and corrosive environment [30]. The mechanical properties of GFRP rods were better than
those of the conventional steel reinforcement, and the GFRP rods provided good resistance
against environmental effects such as a chemical attack, freeze–thaw cycles, etc. [31,32]. The
flexural behavior of a beam reinforced with glass-fiber-reinforced polymer as an alternative
to traditional steel reinforcement was studied. The results showed that GFRP rods had
flexural behavior similar to that of steel rods. Besides acceptable shear properties, concrete
elements reinforced with GFRP rods led to high bending properties [33,34].

A nonlinear finite element (NLFE) model using ANSYS software was used to investi-
gate the structural performance of concrete elements reinforced with GFRP bars. The effects
of the ultimate load, ultimate deflection, crack pattern, stress, strain, and displacement of
concrete elements with different end conditions can be analyzed in ANSYS [35–37].

Only a few research works have been carried out with green concrete reinforced with
GFRP rods. The present study compares the flexural behaviors of HVFA-based concrete
slab and OPC concrete slab reinforced with GFRP rods and steel rods. Comparisons were
made in terms of crack pattern, load–deflection behavior, load–strain behavior, ultimate
moment capacity, and ductility. ANSYS 2022-R1 [38] software was used to investigate
the structural performance in terms of the ultimate load and deflection of concrete slabs
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reinforced with steel/GFRP bars. The study also compared the experimental moment
capacity with the most commonly used design standard ACI 440.1R-15.

2. Materials and Methods

2.1. Concrete

The materials used in the concrete mix were ordinary Portland cement of 53 grade,
class F fly ash, manufactured sand as fine aggregate, gravel as coarse aggregate, 10% micro
silica by weight of the binder, and 0.3% superplasticizer (Master Glenium sky 8233). The
water–cement ratio adopted was 0.5. M25 grade concrete was used to cast the slabs. The
properties of class F fly ash are given in Table 1. The compressive strength of the cube
and the split tensile strength of the cylinder with OPC concrete and HVFA concrete after
28 days and 56 days of curing are shown in Table 2.

Table 1. Properties of fly ash (class F).

Chemical Composition Content (% by Mass)

SiO2 52.52
Al2O3 32.63
Fe2O3 6.16
CaO Nil

NA1-20 0.02
SO3 4.95

MnO 0.03
LOI 1.08

Table 2. Strength of Concrete.

Specimen Type Compressive Strength f′c (MPa) Split Tensile Strength (MPa)

28 Days 56 Days 28 Days 56 Days

Control concrete 34.23 36.27 3.94 5.01
60% Fly ash concrete 26.39 37.74 3.16 5.79

Reinforcing Bars

The GFRP rods used in the slabs were manufactured as per ACI 440.6M-08 and ACI
440.3R-04. The steel rods used as reinforcement in the slab specimens were of Fe550D grade.
The tests were performed by the manufacturers following the ASTM D7205/D7205M-06
standards, and the mechanical properties of the GFRP rod and steel rod were determined.
The mechanical properties of steel and GFRP rods are shown in Table 3. The GFRP rod
used in the experiment is shown in Figure 1.

Table 3. Mechanical properties of steel and GFRP rods.

Reinforcement Material Diameter (mm) Tensile Strength ffu (MPa) Modulus of Elasticity Ef (MPa) Density (Kg/m3)

STEEL rod 10 650 200,000 7800
GFRP rod 10 1100 55,000 1900

2.2. Experimental Program
2.2.1. Specimen Details

The experimental program consisted of four groups: OPC concrete slab with steel bars,
OPC concrete slab with GFRP bars, HVFA concrete slab with steel bars, and HVFA concrete
slab with GFRP bars. A total of eight slabs were tested, with two slabs in each group. All of
the one-way slab specimens had a span of 1000 mm, a width of 450 mm, and a depth of
100 mm. The slabs were reinforced with GFRP/steel rods with a center–center spacing of
130 mm along the longer span and 240 mm along the shorter span. In the high-volume fly
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ash concrete slab, 60% of cement was replaced with fly ash (class F). All specimens were
tested on the 56th day from the date of casting. A four-letter designation was given to the
slab specimens. The first two letters refer to reinforcement type, which may take the value
SR or GR: SR for steel reinforcement and GR for GFRP rods. The third letter indicates the
type of concrete (C, F): C for OPC concrete and F for high volume fly ash concrete. The
fourth identifier represents the trial number of the specimens in a particular series, as two
specimens were tested in each series. The tested specimen details are given in Table 4.

Figure 1. Photograph of GFRP rods.

Table 4. Details of Test Specimens.

Specimen Concrete Material Reinforcement Material Diameter (mm)

SRC OPC (C) Steel rod (SR) 10
SRF Fly ash (F) Steel rod (SR) 10
GRC OPC (C) GFRP rod (GR) 10
GRF Fly ash (F) GFRP rod (GR) 10

2.2.2. Experimental Setup

The RC slabs were tested in a loading frame with a capacity of 40 T. One end of the
slab rested on the hinge support, and the other end rested on the roller support with an
effective span of 800 mm. A spreader beam was used to apply two-point loading on the
slab element. Static loads were applied to the slab specimen through the load cell. The
deflections of the slabs were measured by linear voltage displacement transducers (LVDTs).
An internal strain gauge was pasted on the surface of the steel/GFRP reinforcements with
precaution during the casting of slabs to measure the tensile strain. For measuring the
compressive strain, the strain gauge was pasted externally on the top surface of the slabs at
the time of testing. The signals obtained from the LVDT and the electrical strain gauges
were captured by a data acquisition system, which in turn was connected to a computer.
The load was gradually applied with an increment of 2 kN/min until the failure of the
slabs. The experimental setup for testing the slab is shown in Figure 2.
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Figure 2. Experimental setup.

3. Results and Discussion

3.1. Crack Pattern

The typical crack patterns of the SRC and SRF slabs are shown in Figures 3 and 4,
respectively, and the crack patterns of the GRC and GRF slabs are shown in Figures 5 and 6,
respectively. The crack patterns and the modes of failure are similar in slabs with steel bars
and GFRP bars [39]. All tested slabs were initially uncracked before loading, and the first
cracking of slabs occurred in the constant moment region. The average first crack loads in
SRC, SRF, GRC, and GRF slabs were 16 kN, 18.8 kN, 15.75 kN, and 18.05 kN, respectively.
After the first cracking, new cracks were formed in the slabs, and the width of the existing
cracks continued to enlarge with the load increment in all of the slabs. At the ultimate load,
cracks from the bottom of the slabs propagated to the top surface of the slabs. In all slabs,
the cracks were mainly vertical flexural cracks that were perpendicular to the longitudinal
axis of the slabs. All slabs failed due to the crushing of the concrete at the top surface of the
slabs, and no failure was noticed in the steel bars and GFRP bars. Table 5 shows the first
crack load and the ultimate load of all the slabs.

Table 5. First crack load and ultimate load of slab reinforced with steel and GFRP rods.

Specimen ID First Crack Load Pcr (kN) Ultimate Load Pu (kN)

SRC 1 15.7 24
SRC 2 16.3 23.8
SRF 1 19.1 28.5
SRF 2 18.5 27.3
GRC1 15.2 29
GRC2 16.3 28.1
GRF 1 17.6 31.8
GRF 2 18.5 30.3
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Figure 3. Crack pattern and failure mode of SRC slab.

Figure 4. Crack pattern and failure mode of SRF slab.

Figure 5. Crack pattern and failure mode of GRC slab.

Figure 6. Crack pattern and failure mode of GRF slab.

3.2. Load–Deflection Behavior

The load–deflection behaviors of OPC and 60% fly ash concrete slabs reinforced with
steel rods are shown in Figure 7, and those of OPC and 60% fly ash concrete slabs reinforced
with GFRP rods are shown in Figure 8. The average ultimate load-carrying capacities of
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the concrete slab specimens SRC, SRF, GRC, and GRF were 23.9 kN, 27.9 kN, 28.55 kN, and
31.05 kN, respectively. The slab specimens SRF, GRC, and GRF showed 16.7%, 19.4%, and
29.9% increases in the ultimate load-carrying capacity when compared with the control
specimen SRC [40]. The comparison of the ultimate load of slab specimens is shown in
Figure 9. In the OPC concrete slab and fly ash concrete slab reinforced with steel rods, the
initial loading phase corresponds to elastic behavior, in which no cracking appeared. A
drop in the slope of the curve was observed after the cracking load due to progressive
crack formation in the slab, and an almost linear segment was observed until failure. Steel-
reinforced slabs and GFRP-reinforced slabs failed due to the crushing of concrete. In the
concrete slab reinforced with GFRP rods, the deflection continued to increase with the
increase in load and exhibited some ductility even though GFRP has a brittle nature [41].

Figure 7. Load–deflection behavior of (a) SRC and (b) SRF.

Figure 8. Load–deflection behavior of (a) GRC and (b) GRF.

Figure 9. Comparison of ultimate load of the slab specimens.
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3.3. Strain Distribution

The strain in OPC and fly ash concrete slabs at the top and bottom reinforcement was
measured at the mid-span of the specimens. The positive strain represents the strain on
the top surface of the OPC/fly ash concrete, and the negative strain represents the strain
values of the steel rods/GFRP rods. The load–strain curves for SRC and SRF are shown in
Figure 10, and the load–strain curves for GRC and GRF are shown in Figure 11. The strain
in the steel rod and GFRP rod of the OPC concrete slab was 19,577 × 10−6 mm/mm and
23,378 × 10−6 mm/mm, respectively. The strain in the steel rod and GFRP rod of the fly
ash concrete slab was 21,075 × 10−6 mm/mm and 23,845 × 10−6 mm/mm, respectively.
The ultimate strain at the top of the OPC/fly ash concrete slabs lay in the range of 0.28% to
0.31% for the slab with steel reinforcement, and it ranged from 0.30% to 0.33% for the slab
with GFRP reinforcement. The strain in the GFRP rods was higher than in steel rods in the
OPC and fly ash concrete slab. From the graph, it can be observed that the concrete slab
reinforced with GFRP rods has higher flexural strength than the steel-reinforced concrete
slab [29,42].

Figure 10. Load–strain behavior of (a) SRC and (b) SRF. RS—reinforcement strain; CS—concrete strain.

Figure 11. Load–strain behavior of (a) GRC and (b) GRF. RS—reinforcement strain; CS—concrete strain.

3.4. Moment–Curvature

The moment–curvature behaviors of the OPC and fly ash concrete slabs reinforced with
steel rods are shown in Figure 12, and those of the OPC and fly ash concrete slabs reinforced
with GFRP rods are shown in Figure 13. The moment vs. curvature relationship reflects
ductility as well as provides the macroscopic mechanical properties of the slab elements.
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Figure 12. Moment–curvature behavior of (a) SRC and (b) SRF.

Figure 13. Moment–curvature behavior of (a) GRC and (b) GRF.

The curvature (∅) was calculated using the following Equation (1):

∅ =
εc + εr

d
(1)

where εc is the compressive strain in concrete, εr is the tensile strain in the reinforcement
(steel/GFRP rod), and d is the effective depth of the slab.

The average ultimate moment capacities of the SRC, SRF, GRC, and GRF slabs were
3.18 kNm, 3.67 kNm, 3.81 kNm, and 4.12 kNm, respectively. The ultimate moment capacity
of the GRF slab was 12% higher than that of the SRF slab, and the ultimate moment capacity
of the GRC slab was 20% higher than that of the SRC slab. The provision of GFRP rods
increased the slab curvature capacity more than the steel rods at the same moment. In
a concrete slab reinforced with steel rods, the moment capacity was sustained with an
increase in curvature before failure, but the slab reinforced with GFRP rods attained the
peak moment capacity just before failure. However, it can be noted that slabs reinforced
with GFRP rods are capable of exhibiting more curvature before failure when compared to
slabs reinforced with steel rods [43]. The ultimate moment capacity of the tested slabs is
provided in Table 6.
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3.5. Displacement Ductility

Displacement ductility is defined as the ratio of ultimate deflection to first yield
deflection [44]. A high ductility ratio implies that a structural member is capable of
undergoing a large deflection before failure. The ductility calculation for both the steel-
reinforced concrete slab and GFRP-reinforced concrete slab is shown in Figure 14. Despite
the brittle nature of the GFRP composites, these GFRP rods showed ductility in the concrete
slab [45]. The SRF and GRF slabs had an average ductility of 11.8 and 8.1, respectively, and
the average ductility of SRC and GRC was 11.5 and 7.52, respectively. Since the ductility of
GFRP rods is above 4, they can be used in structural members [6]. Both the slabs reinforced
with steel and GFRP rods failed due to flexure with maximum strength and ductility,
whereas the SRC and SRF slabs showed greater ductility than the GRC and GRF slabs. The
ductility of the tested slabs is provided in Table 6.

Figure 14. Displacement Ductility (Thamrin et al. [44]).

4. Theoretical Prediction

4.1. Equations Provided by ACI 44.1R-15

In this study, the theoretical flexural capacities (Mu) of steel-rod- and GFRP-rod-
reinforced concrete slabs were computed based on the equations provided by ACI 440.1R-
15 [25,46]. According to ACI 440.1R-15, the moment of resistance of a concrete slab rein-
forced with GFRP rods can be determined based on the internal force equilibrium, strain
compatibility, and the controlling mode of failure. The predicted failure mode can be deter-
mined by comparing the reinforcement ratio in Equation (2) to the balanced reinforcement
ratio in Equation (3).

ρ f =
A f

bd
(2)

where Af is the area of GFRP rods, b is the width of the cross-section, and d is the distance
from the extreme compression fiber to the centroid of the GFRP rods.

ρ f b = 0.85β1
f ′c

f f u

Ef εcu

Ef εcu + f f u
(3)

where f ′c is the specified compressive strength of concrete, f f u is the ultimate tensile stress
of GFRP bars, Ef is the elastic modulus of GFRP bars, and εcu is the ultimate strain in
concrete (taken as 0.003).

The factor β1 can be calculated using Equation (4).

β1 = 0.85 − 0.05( f ′c − 28)
7

≥ 0.65 (4)
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The predicted failure mode can be determined with the help of the following fail-
ure conditions. If (ρ f < ρ f b), then the condition of failure is due to tension. When
(ρ f b < ρ f < 1.4*ρ f b), the balanced failure condition takes place with the crushing of concrete,
followed by the rupture of the GFRP bar, and for (ρ f > 1.4*ρ f b), the RC element fails due to
compression failure. From the above conditions, all of the tested concrete slabs reinforced
with GFRP rods failed due to compression failure. As ρ f > ρ f b, the slab is considered
over-reinforced, the controlling limit state is the crushing of concrete, and the moment of
resistance (M) can be calculated using Equation (5).

M = ρ f f f bd2

(
1 − 0.59

ρ f f f

f ′c
)

(5)

where f f is the tensile strength of the GFRP rods, and f f can be calculated using Equation (6).

f f =

√√√√√
(

Ef εcu

)2

4
+

0.85β1 f ′c
ρ f

E f εcu−0.5Ef εcu ≤ f f u (6)

The moment resistance of the GRC and GRF slab specimens was obtained using ACI
440.1R-15, and the results are shown in Table 7. The theoretical moment of resistance
obtained by slabs reinforced with GFRP rods is 4.48 kNm.

Table 7. Comparison of the moment of resistance for slabs reinforced with GFRP rods.

Specimen Reinforcement Ratio (ρf ) Failure Mode
Moment of Resistance

Percentage of Deviation (%)M,Exp (kN·m) M,ACI (kN·m)

GRC 1 1.44ρ f b Compression failure 3.87 4.48 15.9
GRC 2 1.44ρ f b Compression failure 3.75 4.48 19.6
GRF 1 1.44ρ f b Compression failure 4.24 4.48 5.84
GRF 2 1.44ρ f b Compression failure 4.04 4.48 11.0

4.2. Comparison of Experimental Results with Theoretical Predictions

The moment of resistance (M) of the slab reinforced with GFRP rods was calculated
using ACI 440.1R-15, and experimental results are shown in Table 7. The moment of
resistance calculated using ACI 440.1R-15 overestimated the ultimate moment carrying
capacity of OPC/fly ash concrete slabs reinforced with GFRP bars by 17.81% and 8.46%,
respectively. Figure 15 shows a graphical comparison of the moment of resistance predicted
by ACI 440.1R 15 and experimental results.

Figure 15. Moment of resistance of GFRP slabs.
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5. Nonlinear Finite Element Analysis (NLFEA)

Nonlinear finite element analysis (NLFEA) was carried out using the ANSYS 2022-
R1 [38] software, and the results were compared with the experimental results. From the
experimental study, it was found that the fly ash concrete slab reinforced with GFRP rods
has a higher load-carrying capacity than the other slab specimens. Therefore, the slab
specimens SRF and GRF were considered for the finite element analysis.

5.1. Modeling

For modeling the concrete, the SOLID-65 element was used, which is an eight-noded
solid element with three degrees of freedom at each node. For modeling the steel/GFRP
rod, LINK-180, a two-noded element, was used. The support and the loading conditions of
the model were created following the experimental setup, as shown in Figure 16.

Figure 16. Slab model in ANSYS 2022-R1: (a) meshed model; (b) support conditions.

The ultimate deflections of the SRF and GRF slabs are shown in Figures 17 and 18,
respectively. The ultimate loads of the slab specimens SRF and GRF were 27 kN and 30 kN,
respectively, with ultimate deflections of 16.4 mm and 12.3 mm.

Figure 17. Ultimate deflection of SRF slab.
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Figure 18. Ultimate deflection of GRF slab.

5.2. Comparison of Experimental Results with NLFEA Results

The comparison of experimental results with NLFEA results is shown in Table 8. The
deviations of ultimate load and ultimate deflection from the experimental values are less
than 10% for both the SRF and GRF slabs. Hence, ANSYS 2022-R1 [38] software can be
used for the analysis of fly ash concrete slabs reinforced with GFRP bars. Figure 19 shows
the comparison of the load–deflection behaviors of the SRF and GRF slabs obtained from
the NLFEA to the experimental results. From the results, it is observed that both the
experimental and numerical results are in good agreement.

Table 8. Comparison between experimental and numerical results.

Specimen Id.
Ultimate Load (kN) Deflection at Mid-Span (mm)

Experimental NLFEA (ANSYS) Experimental NLFEA (ANSYS)

SRF 28.5 27 17.9 16.4
GRF 31.8 30 13.6 12.3

Figure 19. Comparison between experimental and numerical load–deflection behavior of (a) SRF and
(b) GRF.

6. Conclusions

From this study, the following observations and conclusions can be made based on
experiments conducted on OPC/fly ash concrete slabs reinforced with steel/GFRP bars.
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1. The slab specimens SRF, GRC, and GRF showed 17%, 19%, and 30% increases in their
ultimate load-carrying capacity when compared with the control specimen SRC.

2. The concrete surface strain was slightly higher for the fly ash concrete slab than for the
OPC concrete slab, and the strain value of GFRP bars was higher than that of steel bars
under the same loading. This shows that the flexural strength of the GFRP-reinforced
concrete slab is higher than that of the steel-reinforced concrete slab.

3. The ultimate moment capacity of the GRF slab was 12% higher than that of the SRF
slab, and the ultimate moment capacity of the GRC slab was 20% higher than that of
the SRC slab. The slabs reinforced with GFRP rods are capable of exhibiting more
curvature before failure when compared to the slabs reinforced with steel.

4. The average ductility of the steel rod was higher than that of the GFRP rod. Both the
steel- and GFRP-reinforced slabs failed due to flexure with maximum strength and
ductility.

5. The analytical equations given by ACI 440.1R-15 for calculating the moment of re-
sistance overestimated the experimental results by 18%. Thus, ACI 440.1R-15 can be
used for the design of concrete slabs reinforced with GFRP rods.

6. Only 10% deviation was observed between the experimental and the nonlinear finite
element analysis (NLFEA) results. Hence, ANSYS 2022-R1 software can be used for
the analysis of fly ash concrete slabs reinforced with GFRP bars.

Thus, it is observed that GFRP rods, when used as a replacement for steel rods in both
conventional and fly ash concrete, provide improved strength compared to the one-way
slab. In addition, the slabs reinforced with GFRP rods did not exhibit sudden failure, even
though GFRP rods are brittle. The results of this investigation demonstrate the ability and
the potential use of GFRP rods with fly ash concrete in slab elements.
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Abstract: Combining eco-sustainability and technological efficiency is one of the “hot” topics in
the current construction and architectural sectors. In this work, recycled tire rubber aggregates
and acoustically effective fractal cavities were combined in the design, modeling, and experimental
characterization of lightweight concrete hollow bricks. After analyzing the structural and acoustic
behavior of the brick models by finite element analysis as a function of the type of constituent concrete
material (reference and rubberized cement mixes) and hollow inner geometry (circular- and fractal-
shaped hollow designs), compressive tests and sound-absorption measurements were experimentally
performed to evaluate the real performance of the developed prototypes. Compared to the traditional
circular hollow pattern, fractal cavities improve the mechanical strength of the brick, its structural
efficiency (strength-to-weight ratio), and the medium–high frequency noise damping. The use of
ground waste tire rubber as a total concrete aggregate represents an eco-friendlier solution than the
ordinary cementitious mix design, providing, at the same time, enhanced lightweight properties,
mechanical ductility, and better sound attenuation. The near-compliance of rubber-concrete blocks
with standard requirements and the value-added properties have demonstrated a good potential for
incorporating waste rubber as aggregate for non-structural applications.

Keywords: ground waste tire rubber; hollow concrete brick; fractal; finite element analysis; compres-
sive strength; acoustic absorption; eco-sustainability

1. Introduction

Our dependence on waste tires is clear; just think of the world of transport, in general.
About 800 million tires worldwide reach their end of life each year, and much of the rubber
from which they are made, which represents about 50% of their weight, is lost [1]. To
effectively close the waste management cycle in a circular economy view, such material
can be recycled as a granular product and intended for civil engineering applications. The
key markets for material recovery are as follows [2]: (1) whole tires used to fabricate crash
barriers, bumpers, or artificial reefs; (2) crumb rubber used to produce molded rubber
products, flooring, or matting; and (3) powdered rubber used as modifiers to asphalt
paving mixtures. During the last three decades, researchers investigated the possible use of
ground waste tire rubber (GWTR) in concrete and mortars. Since the pioneering study on
engineering properties of rubberized concrete conducted by Eldin and Senouci [3] in the
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1990s, a large number of research activities have taken place, proving the possibility of cre-
ating alternative and eco-sustainable cementitious mixes, thanks to the presence of rubber
particles recovered from discarded tires that replace the ordinary virgin aggregate. Besides
the environmental benefits, the researchers suggested that cement-based composites incor-
porating GWTR can significantly enhance toughness and energy absorption [4], increase
the mechanical strain capacity [5], achieve better noise attenuation performance [6,7], raise
thermal insulation capacity [8], and improve freeze–thaw resistance with entrapped air
voids [9] compared to plain concrete. However, it is also well documented that replacing
the ordinary aggregates (sand and gravels) with GWTR adversely affects the concrete’s
mechanical properties, such as static stiffness and compressive strength, which can limit its
use in structural applications [10,11].

The literature survey above shows that there is a potential for the use of rubber aggre-
gates in building/architectural elements where the primary requirement is not mechanical
strength but lightweight, thermal–acoustic efficiency, and durability, such as hollow bricks.
Brick is the most basic precast unit for the construction of low-cost houses and multi-stored
apartments. There are remarkable and noteworthy points going in favor of the use of these
hollow components [12]:

• The dead load is much lower than for a solid block; due to this, one can structurally
engineer them and reduce steel consumption in construction;

• The heat insulation of wall structures is achieved due to the inner cavities, which
provide energy saving for all times. Similarly, hollowness results in improved sound at-
tenuation;

• Low maintenance cost, minimal material requirements, and cost competitiveness with
other materials make it a preferred material for today’s building.

The conventional type of brick is made of fired clay [13]. Clay brick manufacturing
is an energy-intensive process. It involves the consumption of a considerable amount
of energy during the firing process, requiring temperatures between 1000 and 1200 ◦C,
depending on the raw materials [14]. Apart from providing the above-listed features,
rubber-concrete hollow bricks could eliminate this drawback, since no fuel and thermal
treatment are necessary for their production. Except for the clinkering concerning the
production of the cement binder, the curing and hardening of concrete bricks takes place at
room temperature, without involving firing or other additional processing. At the same
time, the presence of recycled rubber aggregates would bring valuable benefits from both
an environmental and a technological point of view. Some attempts aimed at the design,
development, and characterization of GWTR-added bricks were made in the past few years.
Turgut and Yesilata [13] investigated the physical–mechanical and thermal performance
of rubberized solid brick with varying sand-crumb rubber volumetric replacement (from
10% v/v to 70% v/v). The thermal insulation performances of these bricks are found to be
better than their ordinary counterpart (percentage-wise insulating improvements up to
11%), and the mechanical properties of the samples satisfied the requirements reported in
the international technical standards. Mohammed et al. [15] developed hollow concrete
blocks by using 0% v/v, 10% v/v, 25% v/v, and 50% v/v GWTR as a replacement for fine
mineral aggregate. The authors discovered that the samples can be produced as load-
bearing hollow blocks, as well as lightweight hollow blocks, providing better thermal
and acoustic performance in comparison with conventional hollow blocks. Fraile-Garcia
et al. [16] examined the acoustic behavior of hollow bricks made of concrete doped with
waste tire rubber (0%, 20%, and 30%). Elements with the maximum percentage of rubber in
their composition provided a better response than the control samples (0% rubber) for low-
frequency noise, both in the case of airborne insulation and impact sound insulation. In the
first case, the improvement was up to 50%, whereas, in the second case, this percentage was
15%. Therefore, highly rubber-modified construction elements are convenient to isolate the
low-frequency sounds, such as instruments or road traffic vehicles (heavy trucks, tractors,
etc.) emissions. Al-Fakih et al. [17] analyzed the mechanical performance of interlocking
masonry walls that were constructed using rubberized hollow bricks (10% v/v of crumb
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rubber). In contrast to conventional masonry walls under compressive loading, GWTR–
cement interlocking walls showed increased ductility, experiencing measurable post-failure
loads with significant displacement, due to the presence of crumb rubber, which allows for
a large expansion of microcracks inside the specimens after failure.

Complementary to the material’s composition, the internal geometry of the brick units
assumes a crucial role in its structural, thermal, and acoustic performance [18]. Supported
by digital design and finite-element modeling tools, several researchers were involved in
studying optimized internal cavities to improve specific performance characteristics of the
hollow bricks. A collection of some works on this research topic is reported in Table 1.

Table 1. Design and shape optimization of hollow concrete bricks: A brief overview.

Research Work Aim of the Study Major Remarks

Del Coz Díaz et al. [19]

Topological optimization of
twelve hollow concrete block
units, varying the number and
shape of inner recesses, with

the aim of reducing the brick’s
weight, keeping suitable

structural properties.

A weight reduction close to 45% is
obtained with respect to the classic
concrete block, keeping comparable

structural efficiency in terms of
strength-to-weight ratio.

Al-Tamimi et al.
[20]

Twenty-three brick designs
with different hole

arrangements and one solid
model were studied for

concrete material to reach the
model with the optimum

holes in terms of
thermal-insulation efficiency.

Increasing the hollow ratio
tends to decrease the heat transfer

from outer to inner brick sides
significantly. At the same hollow

ratio, there was an effect
of the shape of holes in reducing the

thermal flow through
the bricks: rectangular shapes

were more thermo-effective than
circular ones.

Sassine et al.
[21]

Mechanical and thermal
behaviors of ten concrete

hollow-block configurations
are simultaneously studied by

varying the blocks’ internal
shape, aiming at determining

the optimal hollow-block
design and providing the

optimal compromise between
thermal insulation and
mechanical strength.

Longitudinal bulkheads improve
the thermal resistance of the blocks

and, thus, reduce the heat flux
passing through the element. The

mechanical behavior varies slightly
between the investigated models in
vertical compression, reducing the
influence of this parameter in the

selection of the best design.

Valente et al.
[22]

Mechanical performance of
three types of hollow-brick

designs, circular, square, and
hexagonal holes, were

numerically analyzed to select
the best configuration for
rubber–concrete mixes.

Circular and hexagonal hole
designs offer the best result in terms

of compressive strength. The
“honeycomb” geometries have

remarkable thermal and acoustic
functionality; therefore, they have

more attractive
requirements for building.

There are a very limited number of works investigating functional brick configurations
in terms of acoustic performance, which is one of the primary requirements in the design
of building elements. Noise control has become an imperative engineering field in modern
society, not only because of the recent recognition of noise as a serious health hazard, but
also because the standard of living and the quality of life are becoming more important [23].

This study is focused on investigating the performance of GWTR–cement bricks topo-
logically engineered with inner hollow layouts potentially designed for sound attenuating
applications. Specifically, the influence of easy-to-design-and-manufacture fractal cavi-
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ties was analyzed by finite element analysis (FEA), experimentally tested, and compared
with hole shapes (circular) commonly used in brick technology. Fractal geometries were
extensively studied in anti-noise applications, such as acoustic damping cavities for sound-
absorbable systems based on Helmholtz’s resonators [24–26]. Highly irregular cavity shapes
increase the viscous resistance at the cavity boundary by adding geometrical features that
impede the natural direction of airflow. Consequently, the sound wave, interacting with
the cavity, experiences significant dissipation phenomena [26]. The key purpose of the
present research was to model, develop, and characterize brick prototypes with double
technological functionality, which means, deriving both from the rubberized concrete’s
characteristics (lightweight, toughness, thermo-acoustic peculiarities, eco-friendliness) and
the component’s design. The manuscript is structured in three parts:

• Part 1—Description and key properties of the cement mixes (reference and rubberized
concretes) used for hollow bricks manufacturing;

• Part 2—Design, topological optimization, and finite element modeling (mechanical
and acoustic analysis) of hollow brick prototypes based on circular and fractal in-
ner cavities;

• Part 3—Production process of the designed hollow bricks, mechanical and acoustic
experimental characterization, and FEA models validation.

2. Materials and Methods

2.1. Part 1: Raw Materials and Concrete Mixes Characterization
2.1.1. Raw Materials

Constituent materials for concrete mixes included a commercial Type II Portland
limestone cement (strength class 42.5 R) supplied by Colacem (Gubbio, Italy), fine river
sand, and GWTR aggregates. Two fractions of recycled tire rubber particles, 0–1 mm
rubber powder (RP) and 1–3 mm rubber granules (RG), were provided by the European
Tyre Recycling Association (ETRA, Brussels, Belgium) and manufactured by ambient
mechanical shredding processing of waste tires. The polymeric aggregates were used to
produce the rubber–cement mix as a volumetric replacement of the mineral aggregate. The
river sand and GWTR particles involved in this research work are presented in Figure 1.

 

Figure 1. River sand and GWTR used in this study.

The density of the aggregates was measured by the pycnometer method. For sand,
water was employed as a test fluid, in agreement with the EN 1097-7 [27] standard method.
Concerning the testing on rubber, the standard protocol was slightly modified, employing
denatured ethylic alcohol (Deterchimica, Viterbo, Italy) as a fluid of known density to
minimize undesired floating phenomena. The water absorption was assessed as the ratio of
the difference between the weight of the aggregates in saturated surface dry (SSD) condition
and oven-dry condition (110 ◦C for 24 h) to the weight of oven-dry aggregates. The physical
properties of the mineral and GWTR aggregates are shown in Table 2.
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Table 2. Physical properties of river sand and GWTR.

Aggregate Density (kg/m3) Water Absorption (%)

River sand 2476 20.0

GWTR 1144 9.6

Figure 2 presents the size-grading analysis of rubber particles and sand, determined
via the vibrating sieving method, following the DIN 51701 [28] standard.

 
Figure 2. Particle size distribution of RP, RG, and river sand.

2.1.2. Mix Proportions and Samples Preparation

In this research, a single rubber–cement formulation (designed as RuC) that was
obtained by totally replacing the sand with the two rubber fractions was investigated to
produce the brick prototypes. Specifically, the mix design incorporated fine and coarse
polymer aggregates in equal proportion (50% v/v RP–50% v/v RG). Such selected GWTR
dosage was determined as “optimum” in previous research works conducted by the
authors, where the influence of the tire aggregate size on the physical, mechanical, and
microstructural performances of 3D printable cement [29,30] mixes and rubberized alkali-
activated composites [31] was investigated in detail.

Reference concrete mix (REF), involving 0% v/v of GWTR, was also produced for
comparison purposes. For REF mix, a water-to-cement ratio of 0.42 was chosen in agreement
with common technical requirements to ensure proper cement mass hydration. In the
rubberized formulation, the water dosage was adjusted to achieve proper fluidity and
workability for mold-casting. The mix proportions of investigated formulations are listed
in Table 3.

Table 3. Concrete mix proportions.

Sample ID
Cement
(kg/L)

Water
(kg/L)

Sand
(kg/L)

RP
(kg/L)

RG
(kg/L)

w/c Ratio

REF 0.72 0.300 1.20 / / 0.42

RuC 0.72 0.325 / 0.275 0.275 0.45

Dry components (cement, sand, and GWTR) were mixed inside a plastic tank to
achieve a homogeneous blend. Tap water was gradually added to the mix until an adequate
fluidity level for the pouring of the hydrated compound into the mold was reached. During
the water addition, the batch was subjected to some vibration cycles, by a Giuliani IG/3

181



J. Compos. Sci. 2022, 6, 107

shaker machine (Giuliani Tecnologie, Turin, Italy), to improve the constituent mixing. Then
the fresh mix was cast into rectangular plastic molds (110 mm × 185 mm × 50 mm). After
casting, an additional vibration operation (2 min) was performed to expel any air bubbles
embedded during the mixing and pouring. Firstly, the samples were cured in air for 24 h,
and then the semi-hardened slabs were extracted from the molds and cured underwater for
28 days. After curing, for each concrete mix, a series of specimens were collected (Table 4) by
wet sawing with an abrasive cutting disk, and they were intended for experimental testing.
The materials characterization, described in detail below, provided the main physical,
mechanical, and acoustic properties of the formulations under examination to be used as
input data for the FEA analysis.

Table 4. Test samples for materials characterization.

Specimen Type
Number of Specimens

per Test
Test

1 cm3 cubes 3 Density

1 cm3 cubes 3 Permeable porosity

1.5 cm × 1.5 cm × 10 cm beams 3 Three-point flexural test

1.5 cm × 1.5 cm × 3 cm prisms 3 Compressive test

5 cm × 5 cm × 2.5 cm blocks 1 Acoustic flow resistivity

2.1.3. Testing Program and Experimental Results

The density (ρ) of each specimen was measured by the hydrostatic weighing method
described in ASTM D792 standard [32], using a ME54 analytical balance (Mettler Toledo,
Columbus, OH, USA) equipped with a kit for gravimetric measurements.

The permeable porosity (Φ) was evaluated by vacuum saturation technique (ASTM C1202
standard [33]), using the experimental setup and test conditions presented in Figure 3a.

 

Figure 3. Graphical overview of the experimental program for materials characterization: (a) vac-
uum saturation method, (b) three-point flexural test, (c) compressive test, and (d) acoustic flow
resistivity measurement.

The mechanical behavior of the samples was studied under flexural and uniaxial
compression, using a Zwick-Roell Z10 (Zwick-Roell Group, Ulm, Germany) universal
machine equipped with a 10 kN load cell. The bending test was performed in a three-point
configuration (Figure 3b) with a support span of 60 mm, a cross head speed of 1 mm/min,
and a pre-load of 5 N. Compressive test (Figure 3c) was run at 1 mm/min in displacement
control. Flexural tensile strength (σt), compressive strength (σc), and compressive elastic
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modulus (Ec) were recorded and analyzed with TestXpert II software (Zwick-Roell Group,
Ulm, Germany).

Measurements of the acoustic flow resistivity (Rf) were executed in an impedance tube
(Figure 3d) in accordance with the test method proposed by Ingard and Dear [34]. More
detailed information about the experimental setup can be found in Reference [35].

Table 5 provides the experimental results for ρ, Φ, σf, σc, Ec, and Rf of REF and RuC
concrete mixes, including the average values with the standard deviation in brackets.

Table 5. Concrete mix proportions.

Sample ID
ρ

(kg/m3)
Φ

(%)
σt

(MPa)
σc

(MPa)
Ec

(GPa)
Rf

(N × s × m−4)

REF 2186 (18) 21.39
(0.25) 11.06 (1.48) 35.89 (7.71) 1.62 (0.47) 13,872

RuC 1281 (21) 22.82
(0.37) 1.65 (0.51) 4.93 (0.57) 0.24 (0.02) 19,862

The unit weight, mechanical strength, and stiffness of RuC mix were expected to be
less than that of REF sample. The decrease is mainly attributed to the replacement of sand
with lightweight polymer aggregates, the difference in deformability between rubber and
cement paste that generates high-stress concentration at the interfacial transition zone (ITZ),
leading to the formation of cracks in that region, the weak bonding between GWTR and
cement matrix, and the entrapped air from the hydrophobic rubber particles, assisting the
generation of internal porosity in the hardened material [36]. Although the addition of
rubber would lead to an increase in the air void rate, experimental Φ-values demonstrated
similar characteristics between REF and rubberized mixes. The proportion ratio between
fine and coarse rubber fractions selected in this research provided beneficial effects in
terms of microstructural properties. In this regard, some researchers have verified that
incorporating varying sizes of GWTR improved the aggregate gradation so that a denser
microstructure is produced to decrease the material’s permeability [37,38]. Rf data showed
a clear improvement in the acoustic properties of the cementitious mix by replacing the
sand with the rubber fractions. GWTR aggregates would provide an additional sound
attenuation mechanism related to their viscoelastic nature. When the rubber aggregate is
vibrated, part of the energy is stored (elastic) and part is dissipated as heat (viscous) within
the polymer. This viscous property results in loss of vibration energy as heat rather than
being radiated as noise [39].

2.2. Part 2: Design, Modeling, and FEA of Hollow Bricks

COMSOL Multiphysics (COMSOL Inc., Stockholm, Sweden) computer aid engineering
(CAI) software was employed for designing the hollow brick prototypes and modeling via
FEA and their mechanical and acoustic behavior as a function of constituent concrete mix
(REF and RuC mixes) and holes configuration.

2.2.1. Hollow Bricks Design

At first, COMSOL Multiphysics 3D geometry tool was used to design the brick models.
The investigated models had the same dimension: rectangular base of 110 mm × 170 mm
and height of 50 mm. Two different inner cavity designs were studied: circular hollow
design (CHD) and fractal hollow design (FHD). Regarding the fractal design, a geometric
configuration of easily modeling and manufacturing was investigated, so it could feasibly
be scaled in brick prototype manufacturing. In this regard, the second-order Minkowski
structure (Figure 4) was selected to produce the fractal pattern. This type of geometry was
successfully implemented by the authors in previous research work for the development
of acoustically active cavities in polymeric Helmholtz resonator prototypes intended for
sound-absorbing interventions in automotive [40].
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Figure 4. Iterative generation of the second-order Minkowski fractal geometry.

The size and number of the holes were defined in accordance with the technical
indications reported in EN 771-1 standard [41] for half-solid bricks, considering a hole con-
centration ratio of 20–30%. The reference standard defines the specific design requirements
as follows:

1. Hole area <1200 mm2;
2. Minimum hole-external-perimeter distance >15 mm;
3. Minimum distance between adjacent holes >8 mm.

By adopting the above-reported design constraints, the circular and fractal cavities
were arranged in the brick models, following a “honeycomb” pattern. Nagy and Orosz [42]
demonstrated that this type of cavity arrangement extends the trajectory of the thermal
flow inside the brick, enhancing the heat insulation performance. Table 6 summarizes the
geometrical details of CHD and FHD models. The 2D layout and the 3D design of the
bricks are presented in Figure 5a,b, respectively.

Table 6. Details of CHD and FHD brick models.

Brick Model Number of Holes Hole Area (mm2)
Hole Concentration

Ratio (%)

CHD 11 490.625 28

FHD 10 425 23

 
(a) 

 
(b) 

Figure 5. Hollow brick models: (a) CHD and (b) FHD.
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2.2.2. FEA-Based Mechanical Analysis
Definition of the Problem

To preliminarily recognize the influence of the hollow design pattern on the mechani-
cal performance of the brick, it was necessary to build a numerical FEA model, allowing a
mechanical analysis of the component until the cracking state. The Structural Mechanics
Module in COMSOL Multiphysics software was used for the calculation of the mechanical
response of the hollow blocks under uniaxial compressive load regime. The numerical
analysis consisted of simulating a static force-controlled compressive test, recording the
stress–strain relationship and the mechanical parameters (compressive strength and modu-
lus of elasticity) as a function of the brick’s material and inner design. For this purpose, a
compressive-load function (CLF) was defined as follows (Equation (1)):

CLF = 0.5 × ξ (1)

where 0.5 (MPa) is the unit load recommended by the current European technical stan-
dard [43] for mechanical testing on brick masonry, and ξ is a multiplier parameter that
defines the analysis resolution depending on the concrete mix implemented in the model.
By considering the strength values obtained from the material characterization (Part 1), the
following measurement ranges were selected: 0 < ξ < 30 per 100 values and 0 < ξ < 5 per
50 values for REF and RuC-based bricks, respectively). During the analysis, ξ gradually
varied, simulating the application of an incremental compressive load perpendicular to the
holes plain. The simulation reached convergence when the computed failure of the block
occurred. For this purpose, a non-linear model was implemented in COMSOL. Compared
to a linear elastic analysis, in which it is assumed that Hooke’s law governs the material
behavior and the stresses involved are relatively smaller than the brick strength [44], the
non-linear modeling is able to trace the complete response of the component from the
elastic range, through cracking and crushing, up to complete failure [45]. This method was
successfully used for decades by structural engineers for analysis and strengthening of
masonry units [44].

Mathematical Modeling

The micromechanics and the failure behavior of the brick were modeled by adopting
the Willam–Warnke (WW) yield criterion. The WW failure surface can be written as a
tri-parametric criterion, in accordance with Equation (2):

F
(
σxp, σyp, σzp

)
σf

− S(σc, σt, σbc) ≥ 0 (2)

where F is the function of the principal stress state (σxp, σyp, and σzp); S is the failure surface
depending on σc, σt, and biaxial compressive strength (σbc); and σf is the uniaxial crushing
strength (MPa). The graphical representation of failure surface in 3D principal stress space
is illustrated by Figure 6, where parameters η, r1, and r2 refer to the relative magnitudes of
principal stresses on the octahedral plane [46].

Cracking happens when the principal stress in any direction lies outside the failure
surface. Brick failure occurs if all the principal stresses are compressive and lie outside the
WW surface [44].
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Figure 6. Three-dimensional WW failure surface in principal stress space (Reprinted with the
permission from Ref. [46]. 2018, Elsevier Ltd.). In this representation, σ1, σ1, σ3, and fc are the three
principal stresses and the uniaxial crushing strength, respectively.

Material Properties

The properties of the concrete mixes used in the FEA-based mechanical assay were
taken from the laboratory tests described in Part 1 of the manuscript and are listed below
(Table 7):

Table 7. Material input properties for FEA-based mechanical investigation on brick models.

REF Concrete Mix

Property Value Property Group Evaluation

Density 2186 kg/m3 Basic Experimental

Porosity 21.39% Basic Experimental

Elastic modulus 1.62 GPa Basic Experimental

Poisson’s ratio (ν) 0.32 Basic ν = 0.0895 + 0.0063 × σc [47]

Compressive strength 35.89 MPa WW model Experimental

Tensile strength 11.06 MPa WW model Experimental

Biaxial compressive
strength 43.07 MPa WW model σbc = 1.2 × σc [44]

RuC Concrete Mix

Property Value Property Group Evaluation

Density 1281 kg/m3 Basic Experimental

Porosity 22.82% Basic Experimental

Elastic modulus 0.24 GPa Basic Experimental

Poisson’s ratio (ν) 0.12 Basic ν = 0.0895 + 0.0063 × σc [45]

Compressive strength 4.93 MPa WW model Experimental

Tensile strength 1.65 MPa WW model Experimental

Biaxial compressive
strength 5.92 MPa WW model σbc = 1.2 × σc [44]

Boundary Conditions

The boundary conditions selected in the analyses (Figure 7) involved a “boundary
load” condition on the upper surface of the brick, applying a pressure defined by CLF
(see Equation (1)). For the other boundaries of the model, the displacement in X, Y, and
Z directions was constrained by setting “Prescribed displacement” equal to 0. With this
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condition, the translations and rotations of the selected boundary, along a specific spatial
direction, are disabled.

Figure 7. Schematic of the boundary conditions adopted in the FEA-based mechanical analysis.

A tetrahedral-shaped mesh was used for the numerical analysis. A “fine” element size
(minimum mesh element size 3.5 mm and maximum mesh element size 28 mm) was chosen
for meshing to achieve a good compromise among the results’ accuracy and computational
effort. Figure 8 illustrates the changes in WW damage index distribution on the brick
surface for CHD (Figure 8a) and FHD (Figure 8b) models as ξ varies.

 
Figure 8. WW damage index distribution in (a) CHD model and (b) FHD model, considering RuC
mix as constituent material.

2.2.3. FEA-Based Acoustic Analysis
Definition of the Problem

To explore the acoustic performance of the brick designs, a 2D FEA model was es-
tablished through the Pressure Acoustic Module of COMSOL. The analysis aimed to
characterize the absorption properties—more specifically, acoustic absorption coefficient
(α)—of the hollow bricks in terms of sound frequency.
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Mathematical Modeling

Two kinds of domains existed in the numerical model (Figure 9): (1) the background
sound pressure field (Domain 1), which supplied a normal-incidence sound wave on the
brick; and (2) the brick domain (Domain 2), which consisted of the air domain for the
perforation holes and the concrete material matrix described by the Delany–Bazley (DB)
poro-acoustic model. The DB model includes an empirical formulation for estimating
acoustic impedance of porous materials. The acoustic impedance (Za) and wave-number
(k) of the sound waves in a porous medium mainly depend on the frequency and on the
static airflow resistivity (Rf) of the material. The expression of Za and k are as follows
(Equations (3) and (4)):

Za = ρ0 × c0

⎡
⎣1 + 0.057 ×

(
ρ0 × f

R f

)−0.754

− i0.087 ×
(

ρ0 × f
R f

)−0.732
⎤
⎦ (3)

k =
2π f
c0

×
⎡
⎣1 + 0.0978 ×

(
ρ0 × f

R f

)−0.700

− i0.189 ×
(

ρ0 × f
R f

)−0.595
⎤
⎦ (4)

where ρ0 is the air density (kg/m3), c0 is the sound velocity in air (m/s), f is the sound
frequency (Hz), and i is the imaginary unit.

Figure 9. FEA-based acoustic model: sound-pressure-level variation as function of frequency in FHD
brick, considering RuC mix as constituent material.

The incident background pressure field (Pi) is given as follows (Equation (5)):

Pi = e−i(k·x) (5)

where k is the wave vector defining the propagation of the incident sound wave. The
pressure, P, solved in the model is the total field, and the scattered field (Pscat) is given as
Pscat = P − Pi. The α-coefficient, which represents the ratio of the absorbed and incident
energy, is defined as follows (Equation (6)):

α = 1 − |R|2 (6)

where R is the pressure reflection coefficient that gives the ratio of Pscat and Pinc. In the
simulation, α-coefficient for CHD and FHD bricks was analyzed at different frequencies
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(up to 1000 Hz), in accordance with the permitted working range of the impedance tube
used in the experimental validation.

Material Properties

The input parameters for concrete mixes required from the FEA model are presented in
Table 8. The air-cavity domain was modeled by adopting the value available in COMSOL’s
material library.

Table 8. Material input properties for FEA-based acoustic investigation on brick models.

REF Concrete Mix

Property Value Property Group Evaluation

Density 2186 kg/m3 Basic Experimental

Porosity 21.39% Basic Experimental

Acoustic flow resistivity 13, 872 N × s× m−4 DB model Experimental

RuC Concrete Mix

Property Value Property Group Evaluation

Density 1281 kg/m3 Basic Experimental

Porosity 22.82% Basic Experimental

Acoustic flow resistivity 19, 862 N × s× m−4 DB model Experimental

Boundary Conditions

As to boundary conditions, the lateral boundaries are all set as rigid walls, owing to
the periodicity of unit cells for normal sound incidence, and the bottom of the brick domain
is also rigid according to reproduce the common test configuration in sound absorption
measurements. Normal-sized tetrahedral mesh (minimum mesh element size of 0.375 mm
and maximum mesh element size of 83.8 mm) was selected in the study.

2.3. Part 3: Hollow-Brick Production and Testing
2.3.1. Fabrication of the Brick Mold

A custom-made polypropylene (PP) vessel was employed as a master mold. Circular
and fractal-shaped columns were implanted on the mold’s base to realize the cavities in
the brick prototypes. To accurately reproduce the geometry of the holes, especially in the
case of fractal configuration, the columns were cut from a slab of high-density polystyrene
(HDPS) by a computerized numerical control (CNC) milling machine (Falcon 1500, Valmec,
Pescara, Italy). The cutting parameters are reported in Table 9. Figure 10 elucidates some
phases of the cutting operations.

Table 9. Cutting parameters selected for CNC cutting of high-density polystyrene columns.

Cutter Type Cutter Diameter Cutting Depth Spindle speed Feed Rate

End mill 3 mm 2 mm 5000 rpm 30 mm/s

The correct alignment of the columns on the mold’s base was made possible through
the fabrication of masks that exactly reproduced the hollow surface of the designed bricks.
Tailored cardboard masks (Figure 10a) were produced by high-precision laser-cutting
technology (Figure 10b), using a Birio 1000 laser cutter (Birio, Naples, Italy). After posi-
tioning and gluing the columns, we removed the guide-masks were, and the mold was
left to settle to allow the complete fixing of the columns on the vessel’s base The com-
pleted and ready-to-use brick molds (FHD and CHD configurations) are illustrated in
Figure 11c,d, respectively.
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Figure 10. CNC cutting operation: (a) end mill, (b) array of fractal designs after cutting, and extraction
of the (c) fractal and (d) circular columns.

 

Figure 11. (a) Laser cutting of the guide-masks, (b) CHD and FHD guide masks, and (c) mold brick
for FHD and CHD design.

2.3.2. Casting and Bricks Manufacturing

The concrete mixes preparation, casting procedure, and curing method followed the
same protocol implemented in Section 2.1.2. After 28 days of curing, the bricks were
demolded and the columns were removed both manually and by chemical etching with
pure acetone. Then the surface of the brick specimens was polished by a diamond saw.
For each brick design (CHD and FHD) and concrete mix (Figure 12), three replicates
were produced.

2.3.3. Testing

The brick samples were mechanically characterized by compressive test (Figure 13a),
using a Zwick-Roell Z150 (Zwick-Roell Group, Ulm, Germany) universal machine with a
150 kN load cell. The pre-load and loading rate were set to 20 N and 5 mm/min, respectively.
Two brick specimens were tested for each combination (concrete material + inner design).
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Figure 12. CHD and FHD hollow-brick prototypes: (a) REF mix and (b) RuC mix.

 

Figure 13. Experimental configurations for hollow brick characterization: (a) compressive test and
(b) sound-absorption test.

The sound-absorption properties of the bricks were experimentally investigated by
means of the impedance tube system by applying the standing wave ratio method (ASTM
C384-95 standard [48]). The testing principle can be found in detail in Reference [35]. The
measuring system included a 190 cm–long (L) Poly (vinyl chloride) (PVC) tube with an
inner diameter (D) of 16 cm, a sound source (MPA30BT loudspeaker, Behringer, Willich,
Germany), a 1

4 ” condenser microphone (ECM800, Behringer, Willich, Germany), a Scarlett
2i4 audio interface (Focusrite, High Wycombe, UK), and Room EQ Wizard software (GIK
Acoustic, Atlanta, GA, USA) test software. The sound source was mounted at one end of the
tube, emitting a sine wave acoustic signal. Half-brick sample is placed at the other end fixed
on a reflective termination (Figure 13b). The microphone moved along the length of the
tube during the test, recording the sound pressure level at various frequencies. According
to this system, the normal incidence α-coefficient was determined by Equation (7):

α ( f ) = 1 −
∣∣∣∣SWR − 1
SWR + 1

∣∣∣∣
2

(7)

where the standing wave ratio (SWR) index is defined as the ratio between the maximum
and minimum sound pressure level values (in dB) measured along the tube for each acoustic
frequency investigated. For the tube used in this study, the maximum operating frequency
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was 1270 Hz. Then α-measurements were performed in third-octave bands at 125, 250, 500,
and 1000 Hz

3. Results

3.1. FEA-Based Mechanical Analysis

The results of the mechanical FEA study are presented in Figure 14a (load–strain
curves) and Figure 14b (WW damage index–load curves).
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Figure 14. FEA-based mechanical results: (a) load–strain curves and (b) WW damage index–
strain curves.

Regardless of the hollow brick design, a clear difference in mechanical behavior
between the investigated concrete mixes can be observed. The FEA mechanical model
implemented in this work faithfully reproduces the clear difference in the stress–strain
relationship between ordinary and rubberized concrete. The former showed the typical
brittle characteristic of ordinary cementitious materials. By considering RuC mix properties,
the curve changes toward a more ductile behavior, showing lower mechanical strength
and larger deformations compared to the plain concrete sample under the same loading
conditions. From this evidence, it can be deduced that the features of the rubberized mix
would be favorable in optimizing the strain capacity and, thus, the energy-absorption
ability of the brick element. Therefore, an improvement to conventional concrete in terms
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of attained vibro-acoustic performance could be achieved [49], representing an attractive
requirement for building applications. In addition to yielding at lower compressive loads,
the brick prototypes in RuC mix experienced a higher damage index than those modeled
with REF properties, reflecting the strength vulnerability of the rubberized mixes compared
to plain concrete.

When analyzing the effect of the hollow configuration, we can see that slight differ-
ences were noted between CHD and FHD in terms of elasto-mechanical characteristics.
Cavities’ geometry had little influence on the mechanical stiffness of the brick model. For
the REF mix, the computed elastic moduli (EFEA) were 2.01 GPa for CHD and 1.95 GPa
for FHD. For the RuC mix, EFEA-values were 0.25 GPa and 0.24 GPa. The fractal design
performed better in terms of mechanical strength. The simulated compressive strengths
(σFEA

c ) of the REF-modeled brick were 9.39 MPa and 10.30 MPa for CHD and FHD bricks,
respectively. The σFEA

c values of the RuC-modeled brick were 1.42 MPa and 1.51 MPa for
CHD and FHD bricks, respectively. Overall, an increase in mechanical-strength proper-
ties of 7% (RuC mix) and 10% (REF mix) was achieved when passing from CHD to FHD
configurations. No supporting works in the literature are available on the mechanical
influence of this type of fractal-like cavity to corroborate the results obtained. However,
some research work verified that structural components topologically optimized with frac-
tal geometries gained significantly in terms of load-bearing capacity [50,51]. The damage
level of the brick model would seem to be less affected by the cavities’ geometry. With
the same material properties, the fractal design provided slightly higher WW indices than
the circular configuration, while showing greater strength performance. The fractal cavity
contains internal square hollow shapes, where their sharp edges would induce more stress
concentration than the circular hole. This effect, although potentially deleterious to the
mechanical performance of the brick, is well-balanced by the lower hole concentration
ratio in FHD arrangement, which therefore exposes a greater load-bearing strength to the
applied stress.

3.2. FEA-Based Acoustic Analysis

In addition to evaluating the acoustic response of the brick models as a function of
the constituent concrete material and type of hollow pattern, an FEA acoustic simulation
was also used to predict the noise attenuation characteristics in low-frequency regimes.
Low-frequency sound absorption for noise mitigation remains challenging because the slow
fluctuation of low-frequency acoustic waves leads to poor interaction between materials
or structures and the viscous air medium, resulting in inefficient dissipation of sound
energy [52]. Moreover, the fundamental frequencies of most engineering and civil structures
are usually below 50 Hz; therefore, their attenuation must be addressed to avoid unwanted
vibro-acoustic phenomena [53]. The low-frequency acoustic performances are difficult
to analyze experimentally. Common measurement methods, including impedance tube
or reverberation room, provide working ranges strictly related to the dimensions of the
measuring apparatus. For instance, the minimum admitted frequency (fmin ∝ c0

L−D ) of
the impedance tube device used in this research was 150 Hz, thus not allowing accurate
measurements in the low-frequency band. In this regard, the FEA model implemented in
this work was also used to analyze the sound-absorbing properties of the modeled brick in
this acoustic region of great engineering interest.

The low-frequency acoustic spectrum (Figure 15a) highlights the weakest sound-
absorbing ability (α < 0.20) and a negligible influence of the internal design of the brick on
the acoustic performance. The constituent concrete material, on the other hand, provides a
certain effect within 60 Hz. The physical–acoustic properties of RuC mix would seem to
confer better attenuation performance than those of REF mix. The considerable increase in
Rf following the replacement of sand with GWTR (see discussion in Section 2.1.3) could
be the key factor in the brick prototype’s higher low-frequency performance. FEA results
find good agreement with previous studies [53,54] wherein the improved low-frequency
noise-suppression capacity of rubber–concrete mixes has been demonstrated. At around
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60 Hz, an inversion point was detected: α-curves grew continuously, converging to a value
close to 0.9 (around 1000 Hz), indicating that high frequencies are more easily attenuated.
In the high-frequency acoustic range (Figure 15b), the physical–acoustic properties of
the REF mix ensured higher sound absorption rates than those of rubberized concrete.
Above 500 Hz, passing from a circular hollow internal geometry to a fractal one, a very
slight improvement in acoustic performance is appreciated by FEA modeling. It can be
hypothesized that the different acoustic behavior of the two brick models is due to the
cavity resonance sound-absorption mechanism. According to the thermo-viscous acoustic
theory of irregular cavities, sound propagation in the air is related to the displacement and
movement speed of small particles. When the shape of the sound-absorbing cavity is more
complex, the surfaces are more reflective, and the smaller particles need to travel more
distance. Therefore, the sound waves are reflected more frequently in the irregular space of
the cavity wall, which consumes more sound energy and improves the sound absorption
ability [55].
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Figure 15. FEA-based acoustic results: (a) low-frequency α-coefficient curves and (b) middle-high-
frequency α-coefficient curves.

3.3. Experimental Mechanical Testing

In accordance with the results predicted by the simulation, the mechanical tests reveal
the marked difference in the load–strain relationship (Figure 16) between REF (brittle
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behavior) and RuC (ductile behavior) mixes, indicating, for the latter, a predictable deteri-
oration in strength and an increase in post-peak strain capacity because of the influence
of rubber particles. The curves, normalized with respect to the holes concentration ratio,
also allow us to detect the difference between the hollow designs under study. Regardless
of the type of concrete mix, the FHD sample provided higher stiffness and compressive
strength than the CHD brick. The numerical analysis (Figure 14a) reports a similar trend
in the compressive behavior of the bricks but underestimates the mechanical resistance
values. Indeed, there is an average level of agreement between experimental and simulated
compressive strength of 45% and 55% for REF and RuC-based bricks, respectively. This
discrepancy can be attributed to several approximations considered in the building of the
COMSOL model:

• The FEA model considers the material as homogeneous, neglecting the composite
nature of the cementitious formulations under study and, therefore, the contribution
of mineral (sand) and polymeric (GWTR) aggregates on the mechanical behavior of the
model, including interface interactions, stress distribution, deformation mechanisms
induced by the different nature of the aggregates, etc.;

• Some fundamental input properties for the WW failure criterion (such as ν and σbc)
were obtained indirectly from constitutive models and may not reflect the real me-
chanical behavior of the material;

• Dimensional variations between the digital model and real brick prototype due to
the hygrometric shrinkage of the material, the geometric accuracy of the cavities, and
surface roughness can inevitably affect the mechanical response of the samples.

Figure 16. Experimental load–strain curves.

Figure 17 elucidates the average values of compressive strength obtained from mechan-
ical testing. REF-based bricks satisfy the strength requirement for load-bearing masonry
units. The minimum compressive strength value of 11.7 MPa is necessary for this case,
as reported in the ASTM C90 standard [56]. The strengths dramatically decrease in the
rubberized hollow brick, as expected. Both the bricks provide mechanical strengths very
close to the minimum ASTM requirements [57] for non-load bearing hollow concrete ma-
sonry blocks (minimum strength requirement of 3.45 MPa). Furthermore, the histograms
clearly show the increase in mechanical performance induced by the fractal-shaped hollow
pattern. From CHD to FHD, increments of 22% and 18% are detected by considering REF
mix and RuC mix, respectively, confirming the efficiency of fractal design on the mechanical
behavior of the brick. To determine the best brick solutions from the structural point of
view, a structural efficiency index (SEI) is defined. This value is computed as the ratio
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between the compressive strength (σexp
c ), which is obtained from the experimental testing,

and its weight (Equation (8)):

SEI =
σ

exp
c

Weight
(8)
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Figure 17. Compressive strength and SEI values for developed hollow bricks.

The greater SEI values found in FHD designs indicate the higher overall structural
effectiveness of the block, which behaves better from a structural and handling point of
view [19]. The results achieved represent a noteworthy starting point for researchers. With
careful optimization and engineering of both GWTR–concrete mix and structural design, it
is possible to reach a highly eco-sustainable brick (0% natural aggregates) with a mechanical
performance suitable for applications in construction.

3.4. Experimental Acoustic Testing

The experimental sound–absorption curves (α vs. f ) are presented in Figure 18.
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Figure 18. Experimental sound–absorption curves (α vs. f ).

Considering the trend of α-curves, the experimental results follow with fairly good
agreement the numerical analysis (Figure 15b). The acoustic absorption of the hollow brick
prototypes tends to have the highest α-values as the frequency increases. In contrast to the
simulation, however, lower attenuation levels are recorded. At 1000 Hz, α-coefficient varies
between 0.62 (CHD brick-RuC) and 0.72 (FHD brick-RuC), compared to values close to
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0.90 detected in the acoustic-based FEA modeling. The inconsistency between simulation
and experimental analysis is primarily attributable to the poro-acoustic model adopted
to describe the sound–material interaction and the acoustic impedance provided by the
cementitious medium. DB’s model was derived for fibrous sound-absorbing materials,
such as glass wool and rock wool [58] and could induce uncertainties in the prediction
of the acoustic response of concrete-based materials. In addition, the model required a
limited number of input acoustic data referring to the material, affecting the accurate
prediction of its real sound-absorbing performance. In this regard, it will be advisable, in
future works, to implement more complete acoustic models suitable for concrete, including
Neithalath’s model [59] and Kim and Lee’s model [60], which need a greater number of
acoustic parameters describing the material’s performance.

The experimental α-coefficients indicate a very good acoustic performance of the
developed hollow bricks. Referring to the classification presented by Fediuk et al. [61],
the samples exhibit sound-absorbing levels in the range of aerated and foamed concretes
(α = 0.15–0.75), which represent the major solutions in building noise-attenuation inter-
ventions. Furthermore, the sound-absorbing ability of the proposed rubberized bricks is
significantly higher than the experimental results obtained by Mohammed et al. [15], which
found α-values less than 0.25 in concrete hollow blocks loaded with different amounts
(10%, 25%, and 50%) of tire crumb rubber. In good agreement with FEA, the experimental
α-curves highlight the better acoustic performance of FHD design above 400 Hz for both
cement mixes. The sharpest incremental rate in sound absorption, moving from CHD
to FHD, is recorded for RuC-based samples: +13% at 500 Hz and +18% at 1000 Hz. In
the same frequency band, the GWTR–cement mix yields superior acoustic attenuation
capacities compared to REF material, regardless of the internal geometry of the brick,
indicating the acoustic functionality induced by the polymeric aggregate on the concrete’s
damping [62]. The improved acoustic efficiency of fractal-shaped cavities coupled with the
sound abatement peculiarities deriving from the tire aggregate would provide attractive
solutions for acoustic dampening at medium–high frequencies, which are of particular
interest concerning the mitigation of traffic and urban-deriving noise [63].

4. Conclusions

In this study, ground waste tire rubber and fractal-shaped cavities were combined
with the purpose of producing eco-friendly and lightweight hollow concrete bricks with
improved acoustic efficiency and acceptable strength requirements for non-structural appli-
cations. The rubberized concrete mix was prepared by using two rubber fractions (0–1 mm
rubber powder and 1–3 mm rubber granules) as a total aggregate. Firstly, its physical and
mechanical properties were experimentally characterized and compared with an ordinary
concrete mix (0% rubber) taken as a reference. A finite element analysis was implemented
to build predictive models for the mechanical and acoustic absorption behavior of two
kinds of brick models based on circular (traditional geometry) and Minkowski-like fractal
cavities. Hollow-brick prototypes were manufactured and tested, evaluating the influence
of constituent materials (reference and rubberized mixes) and inner hollow design on their
mechanical and acoustic performance. The results revealed the following main findings:

• Regardless of the concrete mix, the fractal hollow pattern provides a significant im-
provement in the engineering performance of the brick in terms of mechanical strength,
structural efficiency, and acoustic absorption over 500 Hz. Considering the rubber–
cement mix as a constituting brick’s material, an increase of 18% in compressive
strength and 1000 Hz sound absorption coefficient can be achieved, moving from
circular to fractal hole designs.

• Circular and fractal design bricks made up of ordinary concrete mix satisfy the min-
imum ASTM strength for load-bearing masonry units. A rubber–concrete mix in-
volves a predictable loss in mechanical strength properties. However, the compressive
strengths of rubberized blocks were very close to ASTM requirements for non-load-
bearing applications.
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• The samples investigated can be considered as “good” concrete sound absorbers. The
rubber-functionalized cement mix yielded superior acoustic attenuation capacities
compared to the reference material, regardless of the internal geometry of the brick,
indicating the positive influence induced by the polymeric aggregates on the concrete’s
sound-absorbing efficiency.

• From the numerical analysis by finite element method, the physical–acoustic param-
eters of the investigated rubberized mixes would seem to predict better attenuation
performances to the brick, even at low frequencies, which are noise events of great
interest in engineering field.

In summary, the present study has proven that fractal geometries and waste aggregates
can be successfully integrated into brick technology to obtain eco-friendlier solutions with
enhanced structural and acoustic behavior. As a future trend, we plan to propose a careful
optimization of the rubber–cement mix design to achieve mechanical performances that are
fully within the strength requirements for lightweight masonry applications. In this regard,
it will also be necessary to refine the finite element predictive models and to strengthen the
connection between simulation and experiment for a more accurate optimization of the
material and component’s design.
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