
www.mdpi.com/journal/materials

Special Issue Reprint

Advanced Engineering 
Cementitious Composites 
and Concrete Sustainability

Edited by 

Dumitru Doru Burduhos Nergis



Advanced Engineering Cementitious
Composites and Concrete
Sustainability





Advanced Engineering Cementitious
Composites and Concrete
Sustainability

Editor

Dumitru Doru Burduhos Nergis

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editor

Dumitru Doru Burduhos

Nergis

Faculty of Materials Science

and Engineering

”Gheorghe Asachi” Technical

University

Iasi

Romania

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Materials

(ISSN 1996-1944) (available at: www.mdpi.com/journal/materials/special issues/Cem Compos

Concr Sustain).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-7627-5 (Hbk)

ISBN 978-3-0365-7626-8 (PDF)

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

Dumitru Doru Burduhos-Nergis

Special Issue “Advanced Engineering Cementitious Composites and Concrete Sustainability”
Reprinted from: Materials 2023, 16, 2582, doi:10.3390/ma16072582 . . . . . . . . . . . . . . . . . . 1

Allice Tan Mun Yin, Shayfull Zamree Abd Rahim, Mohd Mustafa Al Bakri Abdullah, Marcin

Nabialek, Abdellah El-hadj Abdellah and Allan Rennie et al.

Potential of New Sustainable Green Geopolymer Metal Composite (GGMC) Material as Mould
Insert for Rapid Tooling (RT) in Injection Moulding Process
Reprinted from: Materials 2023, 16, 1724, doi:10.3390/ma16041724 . . . . . . . . . . . . . . . . . . 5

Zhishuan Lv, Yang Han, Guoqi Han, Xueyu Ge and Hao Wang

Experimental Study on Toughness of Engineered Cementitious Composites with Desert Sand
Reprinted from: Materials 2023, 16, 697, doi:10.3390/ma16020697 . . . . . . . . . . . . . . . . . . . 41

Muhd Hafizuddin Yazid, Meor Ahmad Faris, Mohd Mustafa Al Bakri Abdullah, Muhammad

Shazril I. Ibrahim, Rafiza Abdul Razak and Dumitru Doru Burduhos Nergis et al.

Mechanical Properties of Fly Ash-Based Geopolymer Concrete Incorporation Nylon66 Fiber
Reprinted from: Materials 2022, 15, 9050, doi:10.3390/ma15249050 . . . . . . . . . . . . . . . . . . 57
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Special Issue “Advanced Engineering Cementitious Composites
and Concrete Sustainability”

Dumitru Doru Burduhos-Nergis

Faculty of Materials Science and Engineering, Gheorghe Asachi Technical University of Iasi, 700050 Iasi, Romania;
doru.burduhos@tuiasi.ro

Concrete, one of the most often-used building materials today, is the cornerstone of
modern buildings all over the world, being used for foundations, pavements, building
walls, architectural structures, highways, bridges, overpasses, and so on. Because of its
adaptability, concrete may be found in practically every construction, in some form or
another. Yet, the diverse nature of its components, their combinations, and their doses
result in a very wide range of concrete kinds with varying properties. As a result, concrete
is a material that is always evolving and is popular even now, especially when it comes to
circular economy.

Other ways of concrete manufacturing are now being researched to lessen or remove
the limits of this material, which are connected to its brittleness and poor environmental
effects. As a result, the development of engineering cementitious composites has resulted
in a significant reduction in flexibility issues, while the introduction of new additives and
the optimization of the manufacturing process has resulted in a significant reduction in
the negative effects of virgin raw material exploitation. In-depth research is still required
to optimize and increase the sustainability of these advanced engineering cementitious
composites or alternative concretes.

In this Special Issue (SI), state-of-the-art research and review articles on the emerging
material systems for AM are collected, with a focus on the process–structure–properties
relationships. In total, eleven research papers and six reviews have been collected. Con-
sidering the high interest in this field for finding alternatives for virgin raw materials, in
the research article conducted by Lv, Z. et al. [1], an interesting experimental study was
conducted on the effect of replacing ordinary sand with desert sand on the obtainment and
characterization of engineered cementitious materials. Additionally, A. İ. Çelik et al. [2]
observed that a 20% replacement of fine aggregates and coarse aggregates with recycled
crushed glass resulted in a significant increase in the mechanical properties of concrete. In
another study, Ö. Zeybek et al. [3] evaluated the effect of replacing cement with fine glass
microparticles on the tensile and flexural strengths of concrete, and showed that a 10%
replacement would result in better mechanical properties. Burduhos Nergis, D.D. et al. [4]
evaluated the possibility of obtaining acid-activated geopolymers, using mine tailings
as a substitute for fine aggregates. In their article, M.I.I. Ramli et al. [5] aimed to obtain
alkali-activated ceramics and determined the influence of high curing temperatures on the
morphology of kaolin-based geopolymers. To improve the main characteristics of these
cementitious composites, some researchers designed and obtained engineered materials by
integrating different types of reinforcing elements, or by involving advanced techniques
to characterize them. M.H. Yazid et al. [6] obtained geopolymer concrete with improved
mechanical performances and water absorption by introducing low amounts of diamond-
shaped nylon66 fibers. M.A. Salih et al. [7] incorporated high amounts of supplementary
cementitious materials, such as fly ash, ground-granulated blast furnace slag, and microsil-
ica, into self-consolidating concrete, in order to improve the durability and properties of
fresh and cured Ordinary Portland Cement (OPC)-based concrete. Z. Yahya et al. [8] devel-
oped another self-consolidating concrete for underwater structures and showed that a class
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C fly ash, activated with a mixture of sodium silicate and sodium hydroxide, could achieve
more than 70 MPa when cured in seawater, river water, or lake water. K. Khan et al. [9]
showed that ecofriendly concrete could be obtained by replacing OPC with wheat straw
ash and/or silica fume. According to their study, this differently engineered composition
could achieve better mechanical performances at lower CO2-eq. In another study, K. Khan
et al. [10] showed that biochar could be used to obtain advanced concrete by performing a
SWOT analysis and a techno-economic assessment on the introduction of this by-product
as substitute for OPC. Because concrete durability is difficult to assess, particularly for in
situ applications, B. Bolborea et al. [11] conducted an experimental investigation on the
forecasting of the mechanical properties of concrete, using a non-destructive approach,
namely ultrasonic pulse velocity.

In the review articles published in this SI, A.T.M. Yin et al. [12] discussed the potential
of producing mold inserts for rapid tooling, using geopolymer composites that were rein-
forced with recycled metal particles, while N.A.M. Mortar [13] conducted a comprehensive
literature analysis on the obtainment and characterization of kaolin-based geopolymers for
ceramic applications. R. Martínez-García et al. [14] reviewed the recent developments of
the effect produced by the addition of waste wood ash on the composition of different types
of concrete. D.L.C. Hao et al. [15] assessed the previous studies on the characterization of
artificial aggregates that were manufactured by sintering, cold bonding, or autoclaving, and
concluded that the last two methods were suitable for producing lightweight aggregates
for industrial use. M. Kheimi et al. [16] presented an overview of the research that was
conducted on the parameters that influence the performances of geopolymers that are
used in heavy-duty applications, and observed that the mixing design, curing conditions,
alkali activator, and binder type are the key factors that define the properties of the final
product. A scientometric analysis, considering the publications that are indexed in the
Scopus database, was conducted by M.N. Amin et al. [17], in order to establish the statical
overview and mapping of the research on rice husk ash utilization in concrete compositions.
According to their study, despite the high number of papers published in this field, the
lack of standardization in the preparation, process, and use of geopolymers, is the main
limitation toward the industrial use of this material.

Conflicts of Interest: The authors declare no conflict of interest.
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Potential of New Sustainable Green Geopolymer Metal Composite
(GGMC) Material as Mould Insert for Rapid Tooling (RT) in
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Abstract: The investigation of mould inserts in the injection moulding process using metal epoxy
composite (MEC) with pure metal filler particles is gaining popularity among researchers. Therefore,
to attain zero emissions, the idea of recycling metal waste from industries and workshops must
be investigated (waste free) because metal recycling conserves natural resources while requiring
less energy to manufacture new products than virgin raw materials would. The utilisation of metal
scrap for rapid tooling (RT) in the injection moulding industry is a fascinating and potentially viable
approach. On the other hand, epoxy that can endure high temperatures (>220 ◦C) is challenging to
find and expensive. Meanwhile, industrial scrap from coal-fired power plants can be a precursor
to creating geopolymer materials with desired physical and mechanical qualities for RT applica-
tions. One intriguing attribute of geopolymer is its ability to endure temperatures up to 1000 ◦C.
Nonetheless, geopolymer has a higher compressive strength of 60–80 MPa (8700–11,600 psi) than
epoxy (68.95 MPa) (10,000 psi). Aside from its low cost, geopolymer offers superior resilience to
harsh environments and high compressive and flexural strength. This research aims to investigate the
possibility of generating a new sustainable material by integrating several types of metals in green
geopolymer metal composite (GGMC) mould inserts for RT in the injection moulding process. It
is necessary to examine and investigate the optimal formulation of GGMC as mould inserts for RT
in the injection moulding process. With less expensive and more ecologically friendly components,
the GGMC is expected to be a superior choice as a mould insert for RT. This research substantially
impacts environmental preservation, cost reduction, and maintaining and sustaining the metal waste
management system. As a result of the lower cost of recycled metals, sectors such as mould-making
and machining will profit the most.

Keywords: rapid tooling; geopolymer metal composite; additive manufacturing; injection mould-
ing process
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1. Introduction

Time to market is a crucial aspect of a product development strategy, and speed is
frequently compared to other factors such as functionality, creativity, or performance [1–3].
With numerous new technologies, worldwide rivalry for product creation is soaring.
Furthermore, companies are always looking for cutting-edge technologies that are cost-
effective, capable of manufacturing goods in tiny quantities while maintaining excellent
performance, and able to meet sustainability goals. This has driven the development
of rapid tooling (RT) techniques, which are needed in today’s market to replace tradi-
tional techniques with rapid product innovation and improve manufacturing processes,
particularly mould-making [4–6].

As shown in Figure 1, RT provides quicker manufacturing for completing tests and
starting final production, minimises costs, and reduces project time [7].

Figure 1. A Review of the Application of Rapid Tooling in Manufacturing [8].

Every industry, regardless of size, experiences a time when rapid tooling is required
to address particular problems. Additionally, an improved tooling system is required for
creating a limited number of functional prototypes to assess the product development
cycle [8–10]. A small quantity of items is often utilised as a marketplace trial, evaluation
need, and manufacturing process design [9,10].

Before mass manufacturing, functioning tools or prototypes must be launched for
every scientific study [11–14]. These are not made available in large quantities to consumers
but rather in limited amounts to researchers. RT is highly advantageous in this circumstance
since it allows for the rapid introduction of items. Furthermore, the uses of production
tools allow mass production to be obtained at a lower price because manufacturing costs
are cheap. For this reason, many brand-new businesses and even big organisations prefer
this technology to boost their profits and obtain a market advantage over their rivals [1–3].

Prototype companies or mould producers typically employ mild steel or aluminium
for the mould inserts in RT. Production toolmaking is time-consuming and costly, and
machining involves the same computer numerical control (CNC), electrical discharge ma-
chining (EDM), and electric discharge machining (wire EDM) procedures [15,16]. Recently,
additive manufacturing (AM) has been employed to create mould inserts for RT [13,16].
For a limited number of prototypes, RT often uses models or prototypes made by AM as
templates for manufacturing mould inserts or uses the AM process directly [4–6]. Numer-
ous RT technologies are available on the market, such as a hybrid technique combining RT
and AM to shorten RT production time.

RT can be categorised as either an indirect or direct technique and differs from tra-
ditional tooling in that the amount of time needed to create the tooling is significantly
reduced [17,18]. Automated manufacturing methods use the AM process to generate mould
inserts without the requirement for values to be predicted. Direct tooling includes processes
such as additive manufacturing (AM), stereolithography (SLA), jet photopolymerisation
(PolyJet), fused deposition moulding (FDM), and selective laser sintering (SLS) [5,6,19]. Al-
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ternatively, the AM project as a master model is considered a secondary approach to create
moulds for casting or plastic moulding processes. This technique combines the 3D KelTool
process, metal casting, plastic casting, elastic moulding, and other comparable procedures
to create injection moulding inserts [5,6,15,20]. Inserts constructed from epoxy-acrylate and
utilising material for injection moulding by homo-polypropylene are used for quick tooling
applications for 3D-printed injection moulds [21]. The mould insert constructed from steel
and copper for hybrid prototype mould applications is created using a mix of laser powder
bed fusion (L-PBF) and casting. In a study, L-PBF printed the steel shell with conformal
cooling channels, and the shell was cast with copper [22]. For a material jetting (PolyJet)
mould, a mould insert constructed from epoxy-acrylate resin is used and its in-mould
behaviour is compared to a guidance mould insert fabricated from aluminium [23].

Failure in the moulding process in generating RT mould inserts is common for tech-
nologies with poor thermal and mechanical quality, such as SLS, FDM, SLA, PolyJet, and
AM [5,6,19]. Zakzewski et al. [24] presented the bucking π-theorem, which was modified to
analyse and characterise the poor surface quality Ra issue of SLS/SLM-processed samples,
as well as the existence of porosity, a material structure defect. Furthermore, the use of SLA
models is physically restricted. These constraints can be solved by developing procedures
that use SLA parts as the “master blueprint” for the silicone mould process. In comparison
to mechanical techniques, the DMLS process is inefficient for the design of basic plastic
components. Furthermore, DMLS imposes a few constraints for a specific feature design
for complicated components. According to previous studies on RT mould inserts, the
stress applied to the mould insert during the injection cycle has a significant influence
on the mould life [11,15,19,20]. Nowadays, a combination of RP technique and produc-
tion tooling helps produce RT more quickly but faces dimensional accuracy and surface
finish issues [17,18]. Moreover, the injection moulding process faces a cooling time issue
where most of the mould inserts fabricated using RP techniques have very low thermal
conductivity; thus, increasing the cooling rate will undoubtedly influence the cycle time
for producing the components [4,16,25,26]. One of the RT options to increase competitive-
ness is using metal epoxy composite (MEC), which provides greater heat conductivity as
mould inserts in RT application and lowers tooling production costs and lead times by
25% and 50%, respectively [3,6]. Using optimisation methods to determine the optimal
composition for materials, as recommended in the linked literature, can be considered for
future research, such as determining the best amount of Al or Cu to mix with epoxy resin
for desirable mechanical properties [27–37]. The use of MEC mould inserts for RT in the
injection moulding process, which uses pure metal filler particles combined with epoxy
resin, has attracted the attention of many researchers [20,29,38–40].

The use of MEC materials as mould inserts offers better thermal and mechanical prop-
erties as compared to mould inserts produced using AM technologies [40–43]. However,
dimensional accuracy and surface quality still need to be improved, so after the fabrication
of mould inserts using MEC material and casting techniques, the mould inserts need to go
through a secondary process (machining) to improve mould dimensional precision and
surface quality in terms of cavities, especially for precision of plastic products (±0.05 mm).

Secondary (recycled) materials compete with primary materials in the metals business.
Primary materials require the use of finite resources. Producing scrap materials or processed
secondary metals can sometimes be more cost-effective than producing new primary
materials, provided that the cost of collecting the waste is not prohibitively expensive [42].
Due to its spherical morphology and manageable particle size dispersion, gas-atomised
(GA) powder is the most frequent feedstock for AM. However, much energy and inert
gas are required to make GA powders [43]. Water-atomised powder is another option
when increased powder solidification rates and reduced manufacturing costs are the
priorities [29,44,45]. In contrast, melting the metal before ejection from the atomisation
nozzles is energy-intensive because of the significant enthalpy difference between the liquid
and solid states [45]. In metal AM, the feedstock powder is often remelted. This repeated
melting is a costly and inefficient process [46]. As it can reduce materials of varying
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sizes to powder, mechanical milling offers a chance for environmentally friendly powder
production [31,47–49]. For mechanical milling, ambient or cryogenic temperatures are
typically used [49,50]. The aforementioned considerable energy input is no longer required
to reach atomisation temperatures [50]. Due to these potential benefits, mechanical milling
is being used to reduce metal machining chips to powders that can be used in AM [46].

On the other hand, Davidovits’ geopolymer technology is one of the groundbreaking
innovations resulting in an affordable and greener binder alternative. The silica and alu-
minium in geosource materials such as metakaolin (calcined kaolin), and maybe techniques
such as fly ash and bottom ash, are combined with the alkaline liquid to generate a geopoly-
mer, an alkali-activated binder [1,11]. As a result, it reduces not only CO2 emissions but also
recycles industrial waste, specifically using an aluminium–silicate mix to create products of
higher value [9,10]. MEC using pure metal filler particles is beginning to be used by some
researchers to investigate mould inserts in the injection moulding process [4,5,7]. However,
a type of epoxy that can withstand high temperatures (>220 ◦C) is hard to find and still
costly.

Additionally, besides municipal solid waste, coal combustion production (CCP) has
been identified as the second-largest pollutant in the world. In 2011, about 130 metric
tonnes (MT) of CCP were generated, with only 56.57 MT (43.50%) effectively used [51].

The four forms of solid waste created in substantial amounts by the CCP are boiler slag,
bottom ash, fly ash, and flue gas desulphurisation (FGD) material [40–42]. One hundred
and thirty metric tonnes of CCP included around 59.9 MT of fly ash. Fly ash was disposed
of in surface impoundments covered with compacted clay soil, a plastic sheet, or both
for the remaining 22.9 MT (38.36%) in landfills or surface impoundments [51–53]. The
Environmental Protection Agency (EPA) of the United States (US) is now investigating the
positive uses of fly ash [53–57]. This eliminates major health concerns associated with heavy
metals and radioactive elements accumulated from fly ash disposal over time. Geopolymers
derived from environmentally friendly materials, such as slag, or industrial by-products
and used as a binding material are known as “green material”.

One interesting property of geopolymer is that it can withstand temperatures up
to 1000 ◦C. Nevertheless, geopolymer only has a compressive strength of 60–80 MPa
(8700–11,600 psi), while epoxy has a compressive strength of 68.95 MPa (10,000 psi) [29,58].
However, employing geopolymer material has similar issues to using epoxy resin, which
necessitates determining the optimal strength, accuracy, acceptable surface finish, and good
thermal characteristics.

Early strength of geopolymer can be obtained as early as 1 day, with compressive
strength up to 15 MPa, and continues increase up to 40–50MPa within 7 days, which is
comparable with the strength offered by epoxy. Nevertheless, the optimum strength of
geopolymer material can be obtained by 28 days (80 MPa) and the strength will keep on
increasing over time [59].

It was recognised that the filler’s interlaminar strength controls the bond strength of
geopolymer reinforced with filler. The fact that filler with a bigger particle size has a lower
binding strength is also well known. In addition, compared to epoxy resin, geopolymer
showed high bond strength for both wet and dry interface surface conditions [59].

On the other hand, as the need for an environmentally friendly society grows, the
quantity of waste material must be continually decreased. Hence, in order to achieve zero
emissions, the idea of recycling metal waste from factories and workshops needs to be
examined (waste free) [60–63]. Metal recycling helps to conserve natural resources while
requiring less energy for manufacturing new products than would be required for virgin
raw materials. Waste-free recycling reduces the emission of carbon dioxide and certain
other harmful gases while also saving money and enabling industrial companies to reduce
their production costs [64,65].

Through a Google Patents search (https://patents.google.com/ accessed on 10 Febru-
ary 2023), six patents granted/published that make use of (1) metal composite and compos-
ites made of (2) geopolymer and (3) metal were located. Table 1 lists the search terms for
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this review’s related field, rapid tooling. Fibre-reinforced metal composites (aluminium
matrix composites) were developed by Yamamoto et al. [65] using aluminium alloy with
6–11 wt. % nickel as the metal matrix and reinforcing fibres. To mass produce complex
parts with near-net shapes, Behi et al. [66] proposed using steel tooling in an injection
moulding machine. In comparison to more traditional methods, this approach to producing
complicated metal tooling is relatively cost-effective, making it possible to rapidly fabricate
complex shaped parts using normal metal, ceramic, and plastic processing. According
to the metal matrix composite introduced by Shaikh et al. [67], the fibre to metal or alloy
ratio ranges from about 9:1 to less than about 1:1, and the fibres have an average diameter
of approximately eight micrometres with a coating. Amaya and Crounse [68] discovered
rapid manufacturing of mould inserts by employing blank die inserts formed from material
typically used in the metal injection moulding process of complex shaped components to
achieve high machinability rates, time and cost savings, extended tool life, and material
savings. The dry-mix composition, as proposed by Nematollahi and Sanjayan [69], includes
(a) an aluminosilicate material rich in silica and alumina and (b) a powdered alkali activator.
Moreover, the dry-mix composition is chosen so that (i) the SHGC may be generated at
ambient temperature without liquid activator, and (ii) strain-hardening behaviour and
multiple cracking behaviours are observed. A strain-hardened, ambient temperature-cured
geopolymer composite (SHGC) is generated by adding water and using a method of manu-
facturing an ambient temperature-cured SHGC. Qiang et al. [70] proposed a geopolymer
composite material that is a type of 3D print as well as their preparation technique and
applications, which included blast furnace slag powder accounting for 20~25% of the total
composition weight, steel-making slag powder accounting for 10~15%, fly ash accounting
for 0~5%, mine tailing machine-made sand accounting for 33~45%, exciting composite
agent accounting for 3~5%, high molecular weight polymer accounting for 2.5~3%, volume
stabiliser accounting for 1~3%, thixotropic agent accounting for 1~2%, defoamer accounting
for 0.05~0.1%, and mixing water accounting for 13.9~12.45%. Each component is stirred,
and subsequently pumped into the 3D printer applications for construction. The present
invention’s geopolymer composite material demonstrates good caking property, strong
stability, good go-out pump from holding capacity and adhesive property, excellent form,
and volume stability, resulting in the construction of buildings with good overall stability
and safety during use. The six patents granted/published from 1990 to February 2023 are
listed in Table 1.

RT is a cost-effective solution in the transition phase from new product development
to mass production in the manufacturing industry [71,72]. RT, often referred to as bridge
tooling, prototype tooling, or soft tooling, is a fast way to preproduce hundreds or even
thousands of plastic parts prior to mass production, for design optimisation, functional
testing, or preproduction verification, which can be a bridge between rapid prototyping
(RP) and mass production. Shape, fit, and function prototype components are frequently
made using RP technology, such as additive manufacturing [71,73,74]. Recycled metal
waste such as mild steel, aluminium, copper, and brass after machining processes are as
shown in Figure 2.

However, since 3D material qualities vary from those used in injection moulding,
3D-printed samples cannot provide a thorough evaluation of an injection-moulded part’s
functional performance [18,59], making RT extremely crucial for the manufacturing indus-
try.
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Figure 2. (a) Metal scraps from turning; (b) metal scraps from grinding; (c) metal scraps from milling.

Using fly ash (waste from coal combustion) as the raw material, the metal scraps from
the machining process are ground using a ball mill machine into a small and uniform
size and mixed with geopolymer material to create green geopolymer metal composite
(GGMC) material as in Figure 3. Then, this material can be used as mould inserts for RT
applications which is expected to reduce tooling production costs and lead periods by up
to 25% and 50%, respectively. The effect of GGMC material as mould inserts for RT in an
injection moulding process and its relationship with compressive strength and thermal
conductivity should be examined accordingly. Therefore, this research aims to determine
whether geopolymer material may be used as RT mould inserts in the injection moulding
process. The process by which GMCs are used as a new material for mould inserts is
depicted in Figure 4.

Figure 3. Planetary Mono Mill Pulverisette 6 can be used in the ball mill process.
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Figure 4. Graphical representation of GGMC as new material for mould inserts.

A power plant is a structure that produces waste geopolymer and generates electric
energy from another form of energy. The geopolymer material is then combined with
filler particles (waste from machining after a ball milling process to form a powder filler).
The ratio of geopolymer and powder filler is evaluated accordingly in terms of thermal
conductivity and compressive strength. Next, the optimised ratio is used to fabricate the
GMC mould inserts. Then, GMC mould inserts are machined accordingly to fit the insert
size and assembled in the mould base. Following the examination of the GMC mould
inserts, the GMC mould is assembled in the injection moulding machine to mould out
the specimen for further evaluation of the mould parts’ quality in terms of shrinkage
and warpage, including the cooling time required, which is definitely influenced by the
thermal conductivity of the GMC mould inserts. The reliability of the GMC mould inserts
is evaluated accordingly in terms of the number of shots (specimens) that can be produced
before the mould starts to crack or wear.

2. Injection Moulding Process

2.1. Important Processing Parameters in the Injection Moulding Process

Processing parameters are essential to produce good-quality moulded parts in the in-
jection moulding process. Previously, the trial-and-error approach to determine processing
parameters relied upon a plastic injection moulding process. However, the trial-and-error
approach is ineffective for complex manufacturing processes [75–77]. Therefore, many
studies had been carried out over the years to minimise shrinkage and warpage defects by
optimising the processing parameters [77–80]. In addition, it has also been observed that
various critical processing factors, including packing pressure, melt temperature, packing
shrinkage duration, mould temperature, and cooling time, have an impact on the quality of
the moulded components produced (warpage) [77,81–83].

2.1.1. Melt Temperature

Melt temperature is the temperature required to melt the plastic material in a pellet
formed in the screw barrel of the injection moulding machine before the injection stage to fill
the mould cavities [84,85]. Some researchers reported that melt temperature is a significant
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processing parameter that causes warpage defects on the moulded parts produced. The
relationship between melt temperature and the flow of molten plastic into the mould
cavities through feeding system has been studied and it was reported that the amount of
material flow into the cavities is affected by the melt temperature [84,85].

2.1.2. Cooling Time

When the molten plastic hits the walls of the mould cavities, it starts to cool down
and continues to solidify. The mould stays closed until the moulded part reaches the
ejection temperature. The part is ejected out from the injection mould once it becomes
rigid enough [85,86]. When the cooling time, including that needed for the moulded
component to achieve the injection temperature, is increased, shrinkage and warp issues
are reduced [87,88]. However, the appropriate cooling time needs to be determined in order
to produce moulded parts with good quality within the optimal cycle time.

2.1.3. Packing Pressure

Packing pressure is the pressure used to inject and compress the molten plastic mate-
rial into mould cavities until the gate freezes [85]. According to previous research, packing
pressure is a crucial processing parameter that impacts the accuracy and quality of the
moulded components produced. In addition, packing pressure is also a significant pro-
cessing parameter after packing time which has a significant impact on shrinkage and
flexural strength of the moulded parts produced [80–82]. Any changes in packing pressure
will cause degradation of the mechanical properties of the parts moulded from virgin
and recycled plastic material in various compositions. Inappropriate settings of packing
pressure may result in high shrinkage defects in the moulded parts [85].

2.1.4. Mould Temperature

Mould temperature is known as the temperature of the mould that needs to be con-
trolled in order to solidify the molten plastic material that flows into the mould cavities
towards the ejection temperature. Previous studies showed that mould temperature is one
of the significant processing parameters that affects warpage and shrinkage defects [83,87].
Kamaruddin et al. [86] examined mould temperature using the Taguchi methods, and
reported that the shrinkage of moulded parts affected by mould temperature is a critical
factor. This supports the findings of a study by Chen et al. [89] which found that the
temperature of the mould plays a role in the shrinkage of the resulting moulded products
in both the transverse and longitudinal axes. In addition, mould temperature cannot be
set directly but it can be controlled by controlling the temperature of coolant used in the
injection moulding process.

2.1.5. Packing Time

The packing time is known as the time required to fill the mould cavities without
pressing the mould or flashing the finished parts entirely with additional material [90]. The
packing time is generally determined by the freeze time of the gate [91]. When gates freeze,
the material is not permitted to flow into the mould cavities. Nevertheless, if the packing
time is shorter, the molten material returns to the feeding system and causes a backflow
phenomenon [89,92].

It can be seen that, in terms of material used as mould inserts for injection moulding,
the thermal conductivity (which influences the melt temperature, mould temperature,
packing time, and definitely cooling time) and compressive strength (which influences
packing pressure and reliability of mould inserts) are important parameters that require
the attention of the mould fabrication industries.

2.2. Mould Base Material

The selection of material for mould base parts depends on the product that needs to be
manufactured. Choosing suitable materials can help a company to save costs and time. The
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materials of the mould base are divided into four types, which are mild steel, high-alloy
steel, stainless steel, and tool steel, as tabulated in Table 2 [83–87].

Table 2. Types of mould base material with examples [81–87].

Mould Base Material Example of Material

Carbon steel
1018
1050

Alloy steel AISI 4130
AISI M2

Stainless steel
420

316L
17-4 PH

Tool steel

O-1
A-6
S-7
D-2
P-20
H13

Mild steel is a type of iron that has varied levels of carbon added to it and no addition
of other elements. There are different percentages of carbon where the carbon content
ranges from mild, to medium, to high. Examples of carbon steel are carbon steel 1018 and
1050 [83,86]. High-alloy steel is a variety of steel that is alloyed with additional components
ranging from 1 wt. % to 50 wt. % through the addition of carbon to enhance the material’s
different qualities.

High-alloy steel is therefore made of iron that has been alloyed with additional ele-
ments including copper, chromium, and aluminium. It can also alloy more than two metals.
Examples of alloy steel are alloy steel AISI 4130 and AISI M2 [35]. Stainless steel provides
excellent corrosion resistance and machinability. Stainless steel is a class of iron-based
alloys notable for their corrosion and heat resistance.

Furthermore, stainless steel is produced by adding chromium at a rate of about 11%
and the use of stainless steel is selected because it does not corrode or oxidise. Stainless
steel does not require stress relief because its material qualities are stable. Examples of
stainless steel are stainless steel 420, 316L, and 17-4 PH [88,92,93]. Tool steel refers to a
range of carbon and alloy steels that are especially well-suited to be produced into tools.

In addition, tool steel contains elements such as tungsten, vanadium, cobalt, and
molybdenum [94]. These elements are used to improve hardenability and generate harder
and more thermally stable carbides. Examples of tool steels are tool steel O-1, A-6, S-7, D-2,
P-20, and H13 [83,88]. RT is the AM technology that refers to the manufacturing methods
of tooling [94–96].

Injection mould bases can be made from a wide variety of materials. However,
selecting the right mould base material is essential for making high-quality components,
since different materials have different properties.

Selecting Mould Base Material

Material selection for the mould base is important because it will affect the performance
of the mould. Selecting the suitable material during the tool-making stage can reduce
cost. Several factors need to be considered, which are strength, good wear resistance,
excellent surface finish, dimensional stability, machinability, and corrosion resistance. First,
highly compressive loads must be able to be absorbed by the material without cracking or
splitting. Next, good wear resistance is needed so that the mould can be used longer. Good
surface finish is also vital to be considered because it will affect the product surface. Other
parameters also need to be considered so that the product can be used longer, and to save
cost and time. An example of this consideration is the use of H13 which is selected because
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it can perform well at high temperatures, and has high dimensional stability, hardness,
and wear resistance [97]. The recommended mould material for transparent products is
stainless steel AISI 420, which has a hardness of up to 54HRC [98].

On the other hand, mould inserts are assembled in a mould base and form the cavities
where the molten plastic will be injected to form the products. Therefore, the material of
the mould insert is an important aspect that will have a direct impact on the defects of the
moulded parts produced.

2.3. Mould Insert Material

The material of a mould insert will affect the cooling time of a product as it influences
the overall cycle time of the injection moulding process [36]. Other than that, improving
cooling time can also reduce defects such as shrinkage and warpage [90,99,100]. Tool
steel material takes longer to achieve the ejection temperature than pure copper (Cu) and
beryllium copper (BeCu) as tabulated in Table 3 [86]. This is because Cu and BeCu have
higher thermal conductivities which can remove more heat than tool steel material. It
is important because the temperature needs to be evenly distributed from the cavity to
the core of the mould [84]. Although pure copper is proven to be the best according
to simulation results, other factors need to be considered in choosing the mould insert
material, including properties such as hardness. The hardness of BeCu is higher compared
to pure copper and other properties that need to be considered are, namely, durability and
resistance to non-oxidising acids.

Table 3. Simulation results of mould inserts by researchers [100].

Material

Parameter Time to Reach Ejection
Temperature (s)

Mould Core Insert
Temperature (◦C)

Volumetric
Shrinkage (%)

Warpage
(mm)

Pure copper 8.804 28.10 1.605 0.1602

Tool steel 12.400 76.82 1.759 0.1700

Beryllium copper 9.483 41.62 1.160 0.1614

However, the materials used to fabricate mould inserts for the product designed in
the development stage do not have to be the same as materials used for the hard tooling
(mould used for mass production) because the product design is not yet finalised and there
are still some tests and evaluations to be carried out, as well as a need to improve the
product’s features in terms of ease of assembly and reliability tests in order to ensure the
high quality of product. An alternative material of mould inserts for low production in
the product development industry is in high demand, especially in the effort to reduce the
expenses in the research and development stage.

2.3.1. Alternative Materials for the Mould Insert

Small numbers of functional plastic parts that range from five to one thousand units
are usually needed during the product development stage to confirm the development
stage before mass manufacturing. An alternative material is required for mould inserts to
reduce the cost, time, part quality, and production number [48]. Currently, the alternative
material that is used in mould insert fabrication is epoxy resin. The different types of epoxy
resin with their properties are listed in Table 4 [101].
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Table 4. Different types of resin and their properties [102].

Name EP250
NeuKadur

VGSP5
EPO 752

XD4532 or
XD4533

Reshape-
Express
2000™

Resin Producer
MCP HEK

Tooling GmbH,
Lubeck, Germany

Altropol
Kunststoff GmbH,

Stockelsdorf,
Germany

Axson Technologies
(Shanghai) Co., Ltd.,

Shanghai, China

Ciba Specialty Chemicals
Holding Inc., Basel, Switzerland

Density (kg/m3) 2 2.8 1.7–1.78 1.7 ± 0.02 1.8

Tensile strength (MPa) 67 50 49 38 ± 4 62

Compressive strength
(MPa) 260 180 NA 145 ± 5 251

Flexural strength
(MPa) 120 NA 88 90 ± 5 82

Deflexion
temperature (◦C) 250 150 195 220 234

Linear
expansion

(×106 mm/K)
30–35 30–35 50 NA 42

Hardness 112
(Rc)

90
(Shore D)

90
(Shore D15)

90
(Shore D)

91
(Shore D)

Nevertheless, there are some restrictions when using epoxy as a mould insert in RT for
injection moulding. Epoxy has limitations that must be overcome, such as its low hardness
and strength [103]. Geopolymer can be used to replace epoxy since it is robust and strong
and is now utilised in building concrete. In addition, it preserves the environment, reduces
cost, and supports sustainability of waste management systems [81,94,95,104,105]. As an
implication, industries related to mould-making will benefit the most due to the reduced
cost when using recycled materials.

2.3.2. Rapid Tooling (RT) Mould Inserts

Rapid tooling is an example of how rapid prototyping is used in the manufacturing
industry. It enables the rapid and low-cost construction of moulds for small batches of
manufacturing goods. Tooling may be either harsh or soft, and can be classified as direct
or indirect [9]. An efficient method of direct tooling involves the use of soft materials
in a rapid prototype process such as stereolithography material [96,106–108]. Numerous
different tools, such those made of powder metal [96,103], are made of tough materials,
and in the indirect tooling method, a casting pattern is made by rapid prototyping and then
used to manufacture the proper tool. Due to its simplicity of usage in producing mould
inserts, aluminium-filled epoxy resin [109,110] is becoming a popular soft material. Silicone
rubber is mostly utilised in the manufacture of indirect tools [107].

The most significant factor for injection moulds made utilising the RT process is
tool life. RP technology has improved to the point where tools directly generated by RP
machines should represent all of the model’s various elements and features accurately and
precisely. On the other hand, many soft rapid prototyping materials are unable to tolerate
sufficiently high pressure and melt temperature owing to their poor heat conductivity [107],
resulting in shortened useful life of the instrument. Although other methods, including
metal laser sintering, may be employed to apply metal coatings on pliable materials [108] to
enhance their hardness, it will raise the manufacturing process’s difficulties. Alternatively,
epoxy resin is often used in indirect moulds due to its plasticity or compatibility with casting
models. The use of metal powder may greatly boost its hardness and heat conductivity,
prolonging tool life even more. However, this does not prevent the epoxy resin from
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hardening within the mould chamber and becoming brittle. Indirectly crafted tools thus
wear very quickly [104]. Some of the studies concentrating on RT are listed in Table 5.

Tomori et al. [110] investigated how changing the material formulation and deter-
mining the validity of composite tooling boards affected mould efficiency and component
quality. An example of the method for setting up a tooling board is illustrated in Figure 5.
The boards were constructed using three materials: RP4037 (fluid), RP4037 hardener, and
silicon carbide (SiC) filler (powder). For the six moulds, two cutting speeds (1.00 and
1.66 m/s) and three tooling board formulations (28.5%, 34.75%, and 39.9% wt. % SiC filler)
were used. The surface roughness of the moulded components served as the study’s re-
sponse variable, while cutting speed served as the study’s independent parameter. As there
was no visible mould damage, the physical structure of the mould was unchanged by SiC
concentration and cutting speed. This discovery indicated that the SiC content in the mould
has a significant impact on the surface roughness of the moulded items. Additionally, the
flexural strength rose with the SiC filler concentration (from 58.75 to 66.49 MPa), following
a pattern comparable to the heat conductivity of the mould material. The influence of
filler concentration primarily on the direction of welding for moulded components was not
examined in this research.

Senthilkumar et al. [111] studied the effects of epoxy resin on the mechanical char-
acteristics of aluminium (Al) particles. The sample was cast utilising Al filler mixed into
epoxy resin at various concentrations. Optical microscopy revealed that the Al particles
were uniformly dispersed throughout the epoxy resin matrix. These results show that
increasing the amount of Al particles inside the epoxy resin matrix significantly raises both
the thermal conductivity (3.97 to 5.39 W/mK) and the hardness value of the composite
(69 to 89 RHL). The sample’s fatigue life decreased from 15,786 cycles to 734 cycles as
the Al content of the epoxy resin increased. The best percentage of Al filler particle for
enhancing mould performance and durability was found to be between 45 and 55 wt.%
There was an improvement of 72 RHL in durability, 10,011 cycles in fatigue resistance,
and 4.06 W/mK in thermal conductivity. However, the hardness value increased by 4.34%
for every 5% increase in Al filler particles, which might reduce the fatigue life by 36.58%.
Nevertheless, there has been no further research on the moulded components’ flexural
strength, compressive strength, tensile strength, or surface appearance.

Srivastava and Verma [27] attempted to determine how the addition of Cu and Al
particles to epoxy resin composites altered their mechanical properties. Epoxy resin was
mixed with Cu and Al particles (1, 5, 8, and 10 wt. %) to create a variety of filler composi-
tions. The results of the mechanical tests showed that the epoxy resin with Al reinforcement
has excellent tensile properties, with a tensile strength of 104.5 MPa at 1 wt. %, while the
epoxy resin composites with Cu filler was optimal in the hardness test (22.4 kgF/mm2

at 8 wt. %) and had a compressive strength of 65 MPa at 10 wt. %. In addition, epoxy
resin composites filled with Cu demonstrated better performance than those filled with
Al despite having a lower hardness. This finding demonstrated that the tensile strength,
wear loss, and hardness of the material all decreased steadily with increasing filler content,
whereas the compressive strength, friction coefficient, and hardness all showed an increase.
However, the impact of the welding direction on the surface of the moulded components is
yet to be determined.
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Figure 5. Method for setting up a tooling board.

Fernandes et al. [26] studied the dimensions and mechanical characteristics of epoxy
resin/Al insert-moulded PP injection components for RT. A 140 mm diameter sphere was
made up of five chambers with 2 mm thick walls that formed the work’s central geometrical
component. The length of the test was 60 mm, the diameter of the entrance was 6.5 mm, and
the draught angle was 2◦. To test the suggested mould, a novel hybrid mould comprising
epoxy resin and Al was employed in this work to insert polypropylene (PP) pieces. In
addition, comparable pieces were inserted to use an AISI P20 (conventional) steel mould,
the same as in the genuine application. Epoxy resin/Al insert-filled components had
slightly higher tensile strength at yield (22.0 ± 5.0 MPa) than steel AISI P20 insert-filled
components (20.0 ± 4.5 MPa), but the difference was not statistically significant. Epoxy
resin/Al-injected parts had lower values for ultimate tensile strength, elongation at break,
and modulus of elasticity than steel AISI P20-injected parts. Furthermore, the Shore D
hardness of objects formed by AISI P20 steel inserts increased by 8.5% in comparison to
goods moulded by epoxy/Al inserts. When compared to components injected using an
epoxy/Al mould, those injected using an AISI P20 steel mould showed less shrinkage.
Based on these findings, epoxy/Al moulding blocks may be a high-quality alternative to
fast tooling for producing single units or small series. Furthermore, this research did not
investigate whether the orientation of welding on the moulded components was affected
by the impact.

Khushairi et al. [112] investigated various epoxy compositions using Al, Cu, and brass
fillers which were tested for their mechanical and thermal properties. In Al-filled epoxy,
different combinations of brass and Cu filler (10, 20, and 30% wt. %) were used. Brass
and Cu densities were 2.22 g/cm3 and 2.08 g/cm3 at the optimum filler content, respec-
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tively. When 30% Cu fillers were added to an epoxy matrix, the total thermal diffusivity
(1.12 mm2/s) and thermal conductivity (1.87 W/mK) were the maximum, but adding brass
had no effect on thermal properties. When 20% brass filler was added, compressive strength
increased from 76.8 MPa to 93.2 MPa, whereas 10% Cu filler raised compressive strength
from 76.8 MPa to 80.8 MPa. As a result of porosity, multiple metal fillers diminished the
compressive strength. According to this research, fillers boost mechanical, thermal, and
density properties of Al-filled epoxy. Nonetheless, a careful evaluation of the surface char-
acteristics, notably the welding line of the moulded components, is necessary to determine
the moulded parts’ quality.

Kuo and Lin [113] examined the quick injection moulding of Fresnel lenses from
liquid silicone rubber. The experiment was conducted utilising RT and liquid silicone
rubber (LSR) parts to build a horizontal LSR moulding machine (Allrounder 370S 700–290,
ARBURG, Loßburg, Germany). Injection moulds for LSR injection moulding could be
manufactured using Al-filled epoxy resin. The total microgroove depth and width of the
Al-filled epoxy resin mould were 90.5% and 98.9%, respectively. LSR-moulded components
exhibited typical microgroove depth and width transcription rates of roughly 91.5% and
99.2%, respectively. LSR-moulded components’ microgroove depth as well as width may be
modified to within 1 m. The mean surface polish of the Al-filled epoxy resins increased by
around 12.5 nm following 200 LSR injector test cycles. However, further testing on tensile
strength, compressive strength, hardness, and density, as well as weld line observations,
is essential to understand the impact of quick injection moulding on the recommended
mould in terms of moulded component quality.

From the review that has been carried out, it can be seen that numerous elements
such as flexural strength, hardness, thermal conductivity, tensile strength, compressive
strength, density, thermal diffusivity, and surface roughness of the new material introduced
are important factors that need to be considered prior to its use as mould inserts for RT in
the injection moulding process.

2.4. Geopolymer

A geopolymer is formed by combining a dry solid containing high aluminosilicate
content, called a precursor, with alkaline solution and other ingredients if needed [114].
It is a semicrystalline, three-dimensional structure made of the tetrahedral structures of
silica and alumina that share oxygen [115]. Geopolymer precursor can be obtained in two
ways: from geological origin or industrial by-products. Examples of geological origins
are kaolinite and clay, while industrial by-products are fly ash (FA), wheat straw ash,
and furnace ash. Geopolymers are activated using high-alkali solution for the polymeric
reaction to occur by using sodium hydroxide (NaOH), potassium hydroxide (KOH), or a
mixture of sodium oxide (N2O) and silicon monoxide (SiO) [116].

The geopolymer concrete curing process has a significant impact on mechanical charac-
teristics and microstructure development [117,118]. Excellent mechanical strength, reduced
creep, improved acid resistance, and minimal danger of shrinkage are all characteristics of
geopolymer concrete [41,119,120]. The durability of waste pozzolan-based geopolymer con-
crete that is cured at high temperatures has been extensively studied [121–124]. By curing
the geopolymer at a higher temperature, one may enhance the geopolymer’s mechanical
properties, polymerisation level, microstructure density, and overall strength [117,125–127].

Geopolymers come in a variety of unique shapes, and each type has certain properties.
Geopolymers are an alternative material in the tooling industry. However, changing the
geopolymer composition will change the qualities of the geopolymer, where selecting the
correct geopolymer precursor will give the tooling industry greater advantages.

2.4.1. Effect of Different Geopolymer Precursors on Mechanical Properties of Geopolymer

Concrete for building uses geopolymer because of its great compressive strength. Its
mechanical qualities, however, can vary depending on the type of geopolymer used [128–131].
Previous studies employing various geopolymer precursors are presented in Table 6.
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Girish et al. [131] investigated the feasibility of employing geopolymer concrete as
fine aggregate in stiff paving-grade concrete comprising quarry dust and sand. The 60/40
mixture consisted of fly ash and ground granulated blast furnace slag (GGBS), had different
solid–liquid ratios, and was examined at 3, 14, and 28 days. Increasing the molar ratio
of the NaOH solution from 8M to 14M increased the strength of the resulting concrete
but reduced the solution’s workability. The experiment used a 12M NaOH solution, and
the fine aggregates included both quarry dust and sand. The maximum strength was
62.15 MPa, and it was reached after 28 days. The results of the compressive strength test
as depicted in Figure 6 showed that the strength of all the mixtures had increased. The
achieved compressive strength at 28 days was more than the 40 MPa minimum required for
stiff pavement cement concrete. However, research needs to be undertaken to investigate
whether the compressive strength of geopolymer concrete is affected by the substitution of
quarry dust for sand.

 
Figure 6. Compressive strength of geopolymer concrete with different mixture compositions [131].

Girish et al. [132] investigated self-consolidating geopolymer concrete for fixed-form
pavement. Optimal strength geopolymer concrete is produced with a SiO2/Al2O3 ratio
between 3.0 and 3.8 and a Na2O/Al2O3 ratio of 1. Compressive strength of 40 MPa was
targeted for this mixture, which also included class F fly ash, ground blast furnace slag
(GGBS), NaOH particles and solution form (molar concentration: 10 and 12), Na2SiO3 (A-53
grade), fine aggregate (quarry dust and river sand), coarse aggregate (below −20 mm),
retarder (Conplast SP500), sugar solution, and water. The average compressive strength
of the ambient-cured M10 mix after 28 days was 56.47 MPa, which is 40% higher than the
intended compressive strength. At day 56, the compressive strength had increased to a
peak of 71.78 MPa. However, as highlighted in Table 7, the proposed combination lacks
considerable green strength, which is essential for slip-form paving applications, due to
its low viscosity and yield stress. To make the SGC more environmentally friendly and
appropriate for sliding mould applications, it might be beneficial to include nanoclays
and/or fibres in the material.

Table 7. Hardened properties of M10 mix [132].

Curing
Period in

Days

Compressive
Strength
(MPA)

Flexural
Strength

(MPa)

Split Tensile
Strength

(MPa)

Modulus of
Elasticity

(MPa)

Flexural
Strength of

Beams
Sliced From

Slab

7 45.22 3.85 - - 4.05

28 56.41 4.63 3.96 37,471.44 4.95

56 71.78 5.42 4.96 38,197.20 5.22
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Izzati et al. [133] evaluated the use of different levels of geopolymer. No geopolymers,
1.0 wt. % fly ash, kaolin, or slag geopolymer particles were added to Sn-0.7Cu. All the
mix designs were cured for 3 days and the temperature of curing for fly ash and slag was
27 ◦C and that for kaolin was 80 ◦C. As illustrated in Figure 7, using slag geopolymer is
more challenging compared to not using geopolymer and using other geopolymers. Future
research can attempt at using a higher percentage of geopolymer to test the composition’s
hardness. This may result in higher hardness compared to 1% geopolymer. To be compa-
rable to other geopolymers, future research needs improve its preparation procedure in
terms of curing temperature.

 
Figure 7. Different compositions of composite solder hardness value [133].

Hussein and Fawzi [134] tested various geopolymer contents in mix composition.
The normal composition was cement with fine aggregate and coarse aggregate and 0%
and 5% copper fibre, while the geopolymer composition had varied amounts of fly ash
(FA) and slag with fine aggregate and coarse aggregate and 0% and 5% copper fibre. The
preparation was cured at 40 ◦C for seven to twenty-eight days to evaluate compressive
strength, splitting tensile strength, and bending strength. Figure 8 demonstrates that the
maximum compressive strength, splitting tensile strength, and bending strength increase
when the FA to ground granulated blast furnace slag (GGBFS) ratio is 0.55:0.45 with 0.5%
copper wire fibre. It indicates that the compressive strength increases as the GGBFS level
rises. The maximum strength of the geopolymer content can be determined by employing
longer curing times and greater FA to GGBFS ratios.

 
Figure 8. Compressive strength of geopolymer with different mixtures [134].

Hussein and Fawzi [135] analysed different contents of geopolymer by using different
ratios of fly ash (FA) to ground granulated blast furnace slag (GGBFS). Cement, fine
aggregate, and coarse aggregate were used in the preparation of MR0 and MR1, while fly
ash to slag ratios for MG0, MG1, MG2, and MG3 were 0.75:0.25, 0.65:0.35, and 0.55:0.45 and
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mixed with fine aggregate and coarse aggregate in MR1, MG1, MG2, and MG3 with 0.5%
copper fibre added. The preparation was cured at 40 ◦C for seven and twenty-eight days.
As depicted in Figure 9, the larger the proportion of GGBFS, the greater the compressive
strength and, at ninety days, 45% GGBFS had the highest compressive strength. MG3 with
a content of 45% GGBFS shows the highest split tensile strength and flexural strength. To
determine the ideal fly ash to slag ratio for assessing hardness, an analysis with a higher fly
ash to slag ratio could be carried out.

 
Figure 9. Different content percentages of GGBFS show different compressive strengths [135].

According to the review, mechanical qualities can be improved by utilising slag
geopolymer. Research is necessary to determine whether a particular geopolymer can
enhance mechanical properties. Furthermore, according to the studies mentioned, there
are several preparations that would affect the strength, therefore the sample preparation
procedure should be fixed, such as curing at the same temperature, to ensure that the
results are unaffected. Varied drying times will result in different compressive strengths.

The mechanical characteristics of geosynthetics are affected by several geosynthetic
precursors. The strength of geosynthetic polymers is improved by using varied ratios of
sodium silicate/sodium hydroxide and fly ash/alkaline activators.

2.4.2. Effect of Different Ratios of Sodium Silicate/Sodium Hydroxide and Fly
Ash/Alkaline Activators on the Mechanical Properties of Geopolymer

The current investigation looks into the influence of sodium silicate/sodium hydroxide
ratios on geopolymer feasibility. Different studies showing the various proportions of
sodium silicate/sodium hydroxide and fly ash/alkaline activator to improve geopolymer
properties are listed in Table 8 [27,111]. The ideal preparation of fly ash can be determined
by testing varying concentrations of sodium silicate, sodium hydroxide, fly ash, and alkaline
activator.

Morsy et al. [136] evaluated the influence of sodium silicate/sodium hydroxide ratios
on the viability of fly ash-based geopolymer synthesis at 80 ◦C. In this study, 10 M NaOH
was combined with Na2SiO3 and alkaline activator ratios of 0.5, 1.0, 1.5, 2.0, and 2.5. The
compressive strength of fly ash geopolymer mortars increased with age at 3, 7, 28, and
60 days. The compressive strengths of fly ash geopolymer mortars M1, M2, M3, M4, and
M5 after three days were 34.7, 61.6, 40.4, 40.5, and 22.3 MPa, respectively. The S/N ratio of
alkali activator had a significant impact on the strength of low-calcium fly ash geopolymer
cured at 80 ◦C. Maximum strength was achieved when the ratio of sodium silicate to
sodium hydroxide (S/N) was equal to 1. Other than that, future research should investigate
preparation methods for mixtures and ensuring homogeneity so that they are comparable
with other geopolymers.
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According to Liyana et al. [137], in their study, the proportions of Na2SiO3/NaOH
solution and fly ash to alkaline activator were synthesised in four different ratios: 1.0, 1.5,
2.0, and 2.5, in a 24 h period during which curing was carried out at room temperature.
According to the results, the fly ash/alkaline activator ratio of 2.0 had the highest results
compared to other ratios, and the sodium silicate/sodium hydroxide ratio of 2.5 had the
highest results compared to other ratios. The best mechanical properties can be obtained
through research using various molarities and curing temperatures.

The study by Bakri et al. [138] used a 12 M concentration of NaOH and fly ash to
alkaline activator ratios of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0. Only the three ratios of 1.5, 2.0,
and 2.5 were employed. Due to the geopolymer paste’s high workability, which makes it
challenging to handle, the ratios of 0.5 and 1.0 could not be used, and the ratio 3.0 could
not be used due to the paste’s low workability. Five different ratios of Na2SiO3/NaOH
were used: 0.5, 1.0, 1.5, 2.0, and 2.5. The sample was cured for 24 h at 70 ◦C before being
tested for compressive strength on the seventh day. The fly ash/alkaline activator ratio of
2.0 and the sodium silicate/sodium hydroxide ratio of 2.5 had the maximum compressive
strength. Future studies could examine various curing temperatures to achieve the best
compressive strength.

Nis [139] investigated geopolymer content using various NaOH concentrations and
sodium silicate to sodium hydroxide ratios. The sodium silicate (Na2SiO3) and sodium
hydroxide (NaOH) solutions were used with four different sodium silicate to sodium
hydroxide ratios (1, 1.5, 2, and 2.5) and three different molarities (6 M, 10 M, and 14 M) for
alkali activation to evaluate the impact of these parameters on the compressive strength of
the alkali-activated fly ash/slag concrete under ambient-curing (AC) and delayed oven-
curing (OC) conditions. The specimens’ compressive strengths varied greatly with molarity
concentration; those with the greatest NaOH molarity (14 M) concentration had the greatest
compressive strength, as depicted in Figure 10. Other than that, more research can consider
investigating the impact of oven-curing conditions on compressive strength.

Figure 10. Compressive strengths of alkali-activated fly ash/slag specimens based on alkaline
activator ratio type [139].

Abdullah et al. [140] investigated several curing temperatures with a constant NaOH
concentration of 12 M using different fly ash/alkaline activator ratios and Na2SiO3/NaOH
ratios. The samples were cured at different temperatures from 40 ◦C to 80 ◦C for 24 h and
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compressive strength was tested on the seventh day. The fly ash/alkaline activator ratio
of 2.0, sodium silicate/sodium hydroxide ratio of 2.5, and curing temperature of 60 ◦C
resulted in the maximum compressive strength. Different curing days may be investigated
in order to enhance compressive strength.

Based on various studies [137–141], the mechanical characteristics may be affected
by the use of different ratios of sodium silicate, sodium hydroxide, and fly ash/alkaline
activator. The strongest strength resulted from the fly ash/alkaline activator ratio of 2.0
and the sodium silicate/sodium hydroxide ratio of 2.5, which were used as the ideal ratio
for sample preparation. However, from the previous investigation, more improvements
can be made, which are optimising the curing temperature and curing durations as using
various curing durations can potentially increase the geopolymer’s mechanical qualities.

Although the mechanical characteristics are influenced by the ratio of sodium sili-
cate/sodium hydroxide and fly ash/alkaline activator, the preparation of different mo-
larities of sodium hydroxide is another key aspect that influences overall mechanical
characteristics of geopolymer.

2.4.3. Effect of Sodium Hydroxide Molarity on the Mechanical Properties of Geopolymer

The molarity of the alkali activator, the curing temperature, the number of days, and
other parameters all have an impact on the sample’s characteristics during the creation of
the geopolymer [27,111–113]. The different molarities of sodium hydroxide, that acts as an
alkali activator and affects the mechanical properties of geopolymer, are listed in Table 9.
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Gum et al. [143] studied the impact of making geopolymer concrete with an alkaline
activator on the compressive strength of mortars using fly ash as a binder and different
curing temperatures and moles of sodium hydroxide. Fly ash was combined with a mixture
of 6, 9, and 12 M NaOH, and the curing conditions were 60 ◦C in the oven and 20 ◦C outside
for 7 classes of curing days. After the chemicals were mixed, it was poured into moulds
with dimensions of 50 mm × 50 mm × 50 mm and measured for compressive strength
according to ASTM C 109. An alkaline activator that used NaOH at a higher molarity
demonstrated increased compressive strength. The compressive strength decreased as the
SiO2/Na2O and Al2O3/Na2O ratios increased. When the SiO2/Na2O ratio exceeded 8.01
and the Al2O3/Na2O ratio exceeded 1.94, the strength decrease rate appeared to accelerate
sharply at 28 days. Based on these findings, the strength at 28 days for series 1 appeared
to have increased by more than 1.7 times at a NaOH molarity of 9 M when compared to
a molarity of 6 M. However, the 9 M and 12 M results showed nearly identical strengths.
This highlights the significance of the SiO2/Al2O3, SiO2/Na2O, and Al2O3/Na2O ratios
in alkali-activated geopolymer based on fly ash. As SiO2/Al2O3 was constant in this
investigation, the values of 8.01 and 1.94 for SiO2/Na2O and Al2O2/Na2O ratios yielded
the best strength development. The use of NaOH and sodium silicate (SiO2/Na2O = 8) in a
1:1 ratio demonstrated that it is possible to activate the geopolymerisation of fly ash and
create a significant increase in strength, with a compressive strength of around 47 MPa. The
evaluations of the impacts of the SiO2/Na2O and Al2O3/Na2O ratios on strength under
equal SiO2/Al2O3 ratios are illustrated in Figure 11. The requirement for high-strength
concrete is over 40 MPa, demonstrating the possibility of employing fly ash as a cement
substitute. Future research can evaluate whether increasing the molarity and pH of NaOH
during the curing process will increase compressive strength, including multiple curing
temperatures.

 
Figure 11. Compressive strength versus ages for molarity of NaOH [143].

Lee et al. [144] analysed the effects of increasing amounts of slag, water glass, and
varying curing temperatures and NaOH molarities on curing time reduction. In the
preparation, the alkali activators were water glass (Korean Industrial Standards, KS 3-
grade; SiO2 (29%), Na2O (10%), H2O (61%, specific gravity 1.38 g/mL), and 98% pure
NaOH. The room temperature for the combined alkali-activated fly ash/slag paste was
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between 17 ◦C and 28 ◦C. For setting time tests, the molarity of NaOH was 4 M and
6 M, and the mass ratio of NaOH was 0.5, 1.0, and 1.5. Then, 8 M NaOH was used to
accelerate the setting of alkali-activated fly ash/slag paste. For each mixed sample, a
100 mm × 200 mm cylinder mould was employed. The compressive strength and setting
times of ASTM C 191-08 [139] were evaluated at 3, 7, 14, 28, and 56 days of curing. At 17 ◦C,
the alkali-activated fly ash/slag paste took 55 min to start and 160 min to finish when the
NaOH solution was 4 M and the water glass to NaOH solution by weight ratio was 0.5,
as illustrated in Figure 12. Due to the presence of slag and water glass, the molarity of
NaOH rose while the alkali activator’s duration shortened. The quantity of slag grew by
25% and 30% after 28 days, respectively, but reduced after 56 days due to crack growth.
Future research can examine different NaOH molarities to determine whether they can
boost compressive strength.

Figure 12. Time versus NaOH solution molarity [144].

Khan et al. [146] examined the material properties of fly ash, copper slag, and crusher
dust at different curing temperatures and NaOH concentrations. There were 16 differ-
ent mix designs that used varying curing temperatures and NaOH concentrations. The
design was cured for 28 days before testing, and the analysis revealed that the sodium sili-
cate/sodium hydroxide (SS/SH) ratio should be maintained at 2.4. The molarity of NaOH
should be kept at 14 M to produce maximum strength and dotted line was an average
region, as shown in Figure 13. The setting time was found to decrease from 449.8 min to
340.8 min. There are some limitations, such as the fact that the greater the molarity, the
greater the compressive strength, and this could be due to secondary parameters that may
affect the performance of geopolymer, including mixing time and other parameters that
can influence the complexity of the mix design; therefore, additional research is required to
determine their characteristics.

Rathanasalam et al. [145] investigated different sodium hydroxide (NaOH) molarities
of 10 M, 12 M, and 14 M and developed a mixture utilising 5%, 10%, and 15% ultra-
fine ground granulated blast furnace slag (UFGGBFS) replacing fly ash, with crushed
stone or copper slag. After curing for 3, 7, and 28 days at 60 ◦C, the compressive
strength was evaluated. The compressive strength of all mix designs was tested using
a 150 mm × 150 mm × 150 mm cube. From the different types of design with different
curing days depicted in Figures 14–16, it can be concluded that all the mixtures with 14 M
NaOH concentration have the maximum compressive strength. Future studies can look
into using higher NaOH molarities to determine the ideal NaOH molarity to make the mix
design with the maximum compressive strength.
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Figure 13. Main effects plot for S/N ratios based on compressive strength [146].

Figure 14. Different molarities in the mix design of GPC and copper slag at 3 days [145].

Bakri et al. [142] investigated the compressive strength of fly ash at various sodium
hydroxide molarities. The sodium hydroxide molarities of 6, 8, 10, 12, 14, and 16 M and 1,
2, 3, and 7 curing days were used for the mix design samples. The proportion of fly ash to
alkali activator was maintained constant at 2.50, as was the proportion of sodium silicate
to sodium hydroxide. Prior to testing, all mixtures were cured at 70 ◦C, and the results
indicated that for sodium hydroxide with molarity of 12 M, the compressive strength result
was the highest among the other molarities on the third day, and on the seventh day, it
demonstrated the highest compressive strength, as illustrated in Figure 17. Future research
can examine whether increasing the curing temperature will increase compressive strength.
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Figure 15. Different molarities in the mix design of GPC and copper slag at 7 days [145].

 

Figure 16. Different molarities in the mix design of GPC and copper slag at 28 days [145].

Previous studies have investigated the effect of molarity of sodium hydroxide on
mechanical properties. According to the majority of the studies, the higher the sodium
hydroxide molarity, the higher the mechanical characteristics of the geopolymer. Although
lower compressive strength is seen in mix designs when sodium hydroxide molarity is
15 M, according to research by Khan et al. [146], this may not be due to the influence of
sodium hydroxide. First, it might be affected by the addition of other materials such as
copper slag and crusher dust, as well as other aspects that lower compressive strength such
as the SS/SH ratio and curing temperature. Although increasing the molarity improves the
mechanical properties of the geopolymer, research by Fakhrabadi et al. [147] shows that
when the sodium hydroxide molarity is 15 M, unconfined compressive strength is lower
than when the sodium hydroxide molarity is 11 M, while research by Bakri et al. [142]
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suggested that molarity of 14 M is optimal for improving the mechanical properties of fly
ash. The development of sodium aluminate silicate hydrate was caused by an increase in
the molarity of sodium hydroxide (NASH) [148]. The use of sodium hydroxide with a high
molarity may enhance the geopolymerisation reaction and the dissolution of initially solid
materials, leading to better compressive strength [149].

Figure 17. Compressive strength of all mixtures with different molarities and curing days [142].

The success of the geopolymer preparation demonstrates that it is possible to in-
crease the material’s strength through geopolymer preparation. However, the low thermal
conductivity of geopolymer can be improved by adding metal filler to the mould insert.

3. Summary and Future Works

A combination of RP technique with production tooling helps carry out RT more
quickly but faces dimensional accuracy and surface finish issues. Moreover, the injection
moulding process faces an issue with cooling time where most mould inserts fabricated
using RP techniques have very low thermal conductivity, thus increasing the cooling time,
which will definitely affect the cycle time to produce the parts.

Many researchers have started to explore the use of metal epoxy composite (MEC) as
mould inserts for RT in the injection moulding process by using pure metal filler particles.
However, epoxy that can withstand high temperatures (>220 ◦C) is hard to find and costly.
Therefore, there is a potential opportunity for epoxy to be replaced by geopolymer materials,
especially fly ash as raw material. Geopolymer material can withstand temperatures up to
1000 ◦C. Similarly, the compressive strength of epoxy is 68.95 MPa (10,000 psi) as compared
to geopolymer which has strength of 60–80 MPa (8700–11,600 psi). The challenges of using
geopolymer material are similar to those of epoxy resin in that optimal strength, good
accuracy, acceptable surface finish, and good thermal characteristics must be determined.
Based on the gaps found from the literature, recommendations for future studies are as
follows:

i. The mechanical and metallurgical properties of GGMC mould inserts should be
evaluated to provide significant information and benefits to mould-making and rapid
tooling industries.

ii. The size precision and surface integrity of the GGMC mould inserts after the casting
process should be evaluated accordingly and compared to the GGMC mould inserts
after machining in order to produce precision plastic product with a high-quality
surface finish.
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iii. To enhance the qualities of the outcomes, various geopolymers filled with scrap metal
fillers should be mixed to increase thermal conductivity, or two or more kinds of filler
materials can be added to improve thermal conductivity.

iv. The purpose of carrying out RT before production tooling for mass production is to
evaluate the part performance and mostly requires modification of the mould inserts.
Thus, an investigation on the effects of dimensional accuracy and surface quality in
the machining process is definitely required.

This review has provided a clear reference for future development of mould inserts
for RT using GGMC material. Thus, initiative needs to be taken to conduct an analysis on
the effect of incorporating metal particles in geopolymer material as mould inserts for RT
and its relationship with compressive strength and thermal conductivity. Moreover, the
integration of metal scraps from machining with geopolymer formed from waste makes
this research more interesting. GGMC material should be examined for metallurgical
parameters such as corrosion rate, coefficient of expansion, surface roughness, and additive
manufacturability. Furthermore, the machinability and the reliability of GGMC mould
inserts should be explored and evaluated accordingly. At the end of this research, the
discovery of new sustainable green material will benefit moulding and rapid prototyping
industries, including with its environmentally friendly attributes.
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Abstract: In this paper, engineered cementitious composites (ECCs) were prepared with desert sand
instead of ordinary sand, and the toughness properties of the ECCs were studied. The particle size of
the desert sand was 0.075–0.3 mm, which is defined as ultrafine sand. The ordinary sand was sieved
into one control group with a size of 0.075–0.3 mm and three other reference groups. Together with the
desert sand group, a total of five groups of ECC specimens were created. Through a uniaxial tensile
test, three-point bending test and single-seam tensile test on the ECC specimens, the influence of
aggregate particle size and sand type on the ECC tensile strength, deformation capacity, initial crack
strength, cement-matrix-fracture toughness, multiple cracking characteristics and strain-hardening
properties were studied. The experimental results show that the 28d tensile strain of the four groups
of the ordinary sand specimens was 8.13%, 4.37%, 4.51% and 4.23%, respectively, which exceeded 2%
and satisfied the requirements for the minimum strain of the ECCs. It is easier to achieve the ECC
strain hardening with sand with a fine particle size; thus, a particle size below 0.3 mm is preferred
when preparing the ECCs to achieve a high toughness. The multiple cracking performance (MCP) and
the pseudostrain hardening (PSH) of desert sand and ordinary sand with a 0.075–0.3 mm grain size
were 2.88 and 2.33, and 8.76 and 8.17, respectively, all of which meet the strength criteria and energy
criteria and have similar properties. The tensile strength and tensile deformation of the desert sand
group were 4.97 MPa and 6.78%, respectively, and the deformation capacity and strain–strengthening
performance were outstanding. It is verified that it is feasible to use desert sand instead of ordinary
sand to prepare the ECCs.

Keywords: desert sand; engineered cementitious composites (ECCs); particle size; uniaxial tension;
toughness

1. Introduction

Since its first appearance in the middle of the 18th century, concrete has been widely
used in various industrial and civil buildings, roads, bridges and other infrastructures due
to its high strength, extensive sources of raw materials, strong applicability and low cost, in
addition to other advantages. However, because of its low tensile strength, poor ductility,
easy-cracking characteristics and deterioration under environmental effects, the problem of
concrete durability is prominent, which increases the cost of maintenance and protection
and restricts the development of concrete materials [1,2]. Almost all infrastructures that are
damaged due to a lack of toughness, durability and sustainability can be traced back to
tensile cracking and the fracture of concrete.

To overcome the defects of traditional concrete materials, such as high energy con-
sumption, a high degree of brittleness failure and a poor crack-control ability, engineered
cementitious composites (ECCs) have been developed and the strength criteria and energy
criteria based on micromechanics were proposed by Victor C. Li. A theoretical basis based
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on these two criteria was provided for the engineering application of the ECCs [3–5]. If
both the strength criteria and the energy criteria are satisfied, the characteristics of the
multiple cracking and strain hardening of the ECCs under tension can be realized. The
uniaxial tensile strain of the ECCs can exceed 2% [6–8], which is more than 200 times that
of ordinary cement-based materials [9]. In the failure process for the ECCs, many fine
cracks are produced with a crack width that is generally within 100 μm [10–12], and the
invasion of harmful substances can effectively be prevented and the impermeability [13–15],
self-healing ability [16–18] and durability [19–22] of concrete can be improved. The research
on the ECCs from different perspectives and in combination with different factors has been
conducted by scholars all over the world [23–26].

A large number of industrial wastes are used in the ECC preparation process to replace
some or all of the cement, such as fly ash, slag, lithium slag and red-mud slag [27–31],
and the energy consumption of the material-production process is greatly reduced, which
conforms to the goal of achieving environmental sustainability [32]. Aggregates are an
important component of the ECCs, which account for a large volume proportion and
significantly affect the workability, strength, elastic modulus, ductility and other properties
of the ECCs. In addition, aggregates can also reduce the production costs of the ECCs. At
present, most ECCs are made of micro-silica sand from river sand, which is a nonrenewable
resource. Because of the surge in demand for building raw materials, China uses approxi-
mately 20 billion tons of sand and stone every year, which account for half of the world’s
consumption. The phenomenon of indiscriminate excavation and mining frequently occurs,
which has caused great damage to the environment and has led to a sharp increase in the
price of materials, such as construction sand, and a decrease in sand reserves [33]. Today,
ECCs cannot be widely used in practical projects due to their high cost, and the existing
research on reducing ECC costs has focused on the optimization and selection of fibers.
However, the micro-silica sand used in the ECCs is also one of the important reasons for
the high cost. Thus, finding new and alternative sand sources is important and urgent.

Desert sand is a very rich natural resource, which is widely distributed all over the
world. The total desert area in China is approximately 700,000 km2, which accounts for 7%
of its total land area. China has eight deserts with huge reserves of desert sand [34]. Desert
sand is ultrafine sand with an average particle size generally below 0.2 mm. Currently,
it is used in some concrete materials [35–38]; however, the use of desert sand in ECCs is
rarely reported. If desert sand can be reasonably used in ECC materials, it will not only
reduce engineering costs, but also protect environmental resources and help achieve the
sustainable development of concrete.

Based on the above research contents, firstly, the chemical composition of the desert
sand is tested to determine whether it contains harmful elements that can affect ECCs.
Secondly, ECCs are prepared with desert sand, which are then compared with the ECCs
of ordinary sand with different particle sizes. Through a uniaxial tensile test, three-point
bending test and single-seam tensile test on the ECC specimens, the influences of desert
sand and ordinary sand with different grain sizes on the ECC tensile strength, deformation
capacity, initial crack strength, cement-matrix-fracture toughness, multiple cracking charac-
teristics and strain-hardening properties were studied. The schematic flow diagram of this
study is shown in Figure 1.

0.075–0.3mm

0.075–0.3mm

0.3–0.6mm
0.6–1.18mm

0.075–1.18mm

Desert Sand
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Preparation

Uniaxial

Tensile Test

Three-Point Bending Test

and Single-Seam Tensile Test
Strength Criterion

and Energy Criterion

ToughnessStress and

Strain

Figure 1. Schematic flow diagram of this study.
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2. Materials and Methods

2.1. Materials and Preparation of ECCs

The cement used in this study was P·II 42.5 ordinary Portland cement produced by
Xinjiang Tianshan Cement Co., Ltd. (Urumqi, China), and the mineral powder was high-
quality first-grade S95. The fine aggregates were desert sand from Wuqia County, Kezhou
and ordinary river sand from Kashi. The fiber used in this study was polyethylene (PE)
fiber. The polycarboxylic acid superplasticizer was produced by the Kashi Water Reducing
Agent Factory, as was the 200,000-viscosity hydroxypropyl methyl cellulose. Group A was
composed of desert sand with a particle size of 0.075–0.3 mm. The ordinary river sand
was sieved into four particle size grades with particle size ranges from 0.075 to 0.3 mm
for Group B, from 0.3 to 0.6 mm for Group C, from 0.6 to 1.18 mm for Group D and from
0.075 to 1.18 mm for Group E. The five groups of sands with different types and particle
sizes were taken as the research objects, as shown in Figure 2. The particle size of the desert
sand was very close to that of the ordinary sand, with a particle size from 0.075 to 0.3 mm.
The chemical composition of the desert sand is listed in Table 1. The sulfide and sulfate
contents were relatively low (calculated according to the mass of SO3) and the chloride
content was very low (calculated using the mass of chloride ion), which satisfy the limit for
harmful substances in the project. Table 2 lists the physical and mechanical properties of
the PE fiber.

  
(a) (b) (c) 

  

 

(d) (e)  

Figure 2. Desert sand and ordinary sand: (a) Group A, 0.075–0.3 mm; (b) Group B, 0.075–0.3 mm;
(c) Group C, 0.3–0.6 mm; (d) Group D, 0.6–1.18 mm; (e) Group E, 0.075–1.18 mm.

Table 1. Chemical composition of desert sand.

Component SiO2 Al2O3 Fe2O3 CaO MgO TiO2 MnO SO3

Proportion (%) 74.48 9.53 2.78 4.34 1.76 0.34 0.001 0.08

Component Cl MnO P2O5 Cl−1 Na+1 K+1 Alkali content Loss on ignition

Proportion (%) 0.013 0.001 0.09 0.005 0.007 0.003 2.67 3.34
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Table 2. Physical and mechanical properties of PE fiber.

Diameter
(μm)

Length
(mm)

Tensile Strength
(MPa)

Elastic Modulus
(GPa)

Elongation
(%)

Density
(g/cm3)

24 12 3000 120 5 0.97

The five groups of ECCs were configured according to the five groups of sand and
adopted the same mix proportion, as shown in Table 3. The success of the ECC preparation
is closely related to the manufacturing process [39–41], especially regarding the mixing
sequence and mixing time of materials. Cement, slag, sand and other materials were
added to a 5 L planetary mixer according to the proportions listed in Table 3. After the
materials were slowly mixed for 2 min, one-third of the water was added and stirred for
1 min. Then, the water reducer and one-third of the water were uniformly mixed and
poured into the mixer. Subsequently, the remaining one-third of the water was poured into
the mixed materials for 2 min of mixing. At this time, the fluidity of the cement matrix
was very good. Then, the thickener was added for quick mixing for 1.5 min. Here, the
cement matrix was relatively thick and dough-like. Finally, the PE fiber was uniformly
dispersed into the cement matrix within 6 min. No obvious agglomeration occurred when
the mixture was manually kneaded, which is a key indicator of the success of the ECC
preparation. The final mixing time depends on the even dispersion of the fiber in the
cement matrix without agglomeration. The prepared ECC material was put into a specially
made transparent acrylic template and was subjected to full vibrations until large air holes
no longer appeared, which was observed from the side and bottom of the template. The
templates were removed after the prepared samples were kept for 24 h. The specimens
were placed in a constant-temperature and humidity-curing room at a temperature of
20 ± 1 ◦C and a relative humidity of 95% for curing.

Table 3. ECC mixing proportions (kg/m3).

Cement Slag Sand Water Fiber Water Reducer Thickener

617.2 411.4 308.6 250 12 6 0.5

2.2. Test-Scheme Design
2.2.1. Uniaxial Tensile Test

The main methods for testing the tensile properties of materials include uniaxial tensile,
splitting tensile and bending tests. Among them, the most direct test method that can best
reflect the tensile properties of the materials is the uniaxial tensile test. Although researchers
in various countries have been trying to agree on the standardization of the uniaxial
tensile test, it has not yet been standardized. At present, dumbbell-shaped specimens
and plates are widely used in uniaxial tensile tests, and dumbbell-shaped specimens were
used in this study [42]. Both ends of the dumbbell-shaped test piece consist of clamping
ends. The gauge length of the test piece is 100 mm, and the size of the test section is
100 mm × 30 mm × 15 mm, as shown in Figure 3. A set of displacement sensors were
installed at both ends of the test piece with a measurement range from 0 to 20 mm, and the
final deformation was measured according to the average value of two sets of displacement
sensors, as shown in Figure 4. An electronic tensile-testing machine with a measurement
range of 5 kN, which was manufactured by Jinan Chuanbai Instrument and Equipment
Co., Ltd. (Jinan, China), was used as the loading equipment, and displacement-control
loading was adopted at a loading rate of 0.5 mm/min. The test pieces were divided into
five groups according to the aggregate size and sand type. The curing ages were 7 and
28 days. Three test blocks were made at each curing age.
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(b) 

(a) 

Digital units mm 

Figure 3. Schematic diagram of uniaxial tensile specimen: (a) profile; (b) plan.

 

Figure 4. Uniaxial tensile test device.

2.2.2. Three-Point Bending Test

To quantitatively analyze the strain–strengthening and toughness properties of the
desert sand and ordinary sand with different grain sizes, the fracture energy of the cement
matrix needs to be determined according to the strength criteria and energy criteria [3].
When the three-point bending beam is a standard specimen (the span–height ratio of the
specimen is four), the fracture energy of the ECC cement matrix can be tested according
to the formula recommended by Tada [42]. A cement matrix specimen without PE fiber
was made according to the mixing proportions listed in Table 3. The specimen size was
350 mm × 75 mm × 40 mm. Each group contained three test pieces, for a total of five
groups with fifteen test pieces. After the matrix was cured under standard conditions for
28 days, the three-point bending test was performed at a loading rate of 0.5 mm/min. The
test-piece span was 300 mm, and an incision that was 30 mm deep and less than 1 mm
wide was made at the bottom of the test piece. The sizes of the test piece and test device
are shown in Figures 5 and 6, respectively.

 

Digital units: mm 

Figure 5. Dimensions of three-point bending test piece.
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Figure 6. Three-point bending test loading device.

2.2.3. Single-Seam Tensile Test

To determine the parameters of the strength criteria and energy criteria, the maximum
peak stress and maximum complementary energy should be determined based on the
relationship between the bridging-fiber stress and crack width, in addition to the fracture
energy of the cement matrix that is determined with the three-point bending test. To
determine the relationship between the ECC stress and crack opening width, the multiple
cracking needed to be artificially limited to ensure that single-seam cracking occurred in
the case of failure. The size of the test piece was the same as that of the dumbbell-type test
piece mentioned earlier. Each group contained three test pieces, for a total of five groups
of fifteen test pieces. After 28 days of curing under standard conditions, an annular notch
with a width of less than 1 mm was cut into the middle of the test piece. The depth of the
notch is shown in Figure 7. The notch is cut using diamond-cutting pieces. During the
notch-making process, care is taken to avoid damage to the other parts of the test piece to
ensure that the ECC only experiences single-seam cracking when under uniaxial tension.
The tensile test device is shown in Figure 8.

Digital units: mm 

Figure 7. Cutting depth of the single-seam cracking specimen.

 

Figure 8. Single-seam cracking tensile test device.
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2.3. Evaluation Method of ECC Toughness

On the basis of the design theory of ECC micromechanics [3], the ECCs must satisfy
both the strength criteria and energy criteria to achieve the characteristics of multiple
cracking and strain hardening; otherwise, stress softening occurs during the tensile process.

(1) Strength Criteria
The strength criteria set the boundary condition of tensile stress for cracks starting

from the initial defect, as they control the cracking process. Continuous multiple cracking
must satisfy Equation (1).

σc < min{σ0} (1)

where σc is the initial crack strength of the matrix and σ0 is the peak stress.
(2) Energy Criteria
The crack-distribution phenomenon of the test conforms to the flat crack-propagation

mode and satisfies the energy criteria. The stability of the crack width under a constant
external load must satisfy Equation (2).

σ0δ0¯
∫ δ0

0
σ(δ)dδ = J′b ≥ Jtip (2)

where δ0 is the displacement corresponding to the bridging-fiber peak stress, σ(δ) denotes
the relationship between the bridging-fiber stress and crack opening width, J′b is the
maximum complementary energy and Jtip is the fracture energy of the matrix material.

Theoretically, σ0/σc ≥ 1 and J′b/Jtip ≥ 1 can achieve stable tensile strain-hardening
characteristics. However, in practice, because of the existence of uncertainty factors such
as material fluctuation, an uneven manufacturing process, and test errors, satisfying the
requirements for strain-hardening characteristics is difficult. Research shows that only
PCM = σ0/σc ≥ 1.3 and PSH = J′b/Jtip ≥ 2.7 can meet the characteristics of multiple crack-
ing and strain hardening [43], where MCP is the multiple cracking performance and PSH is
the pseudostrain hardening.

Based on the calculations of Equations (3)–(6) recommended by Tada [41], which are
combined with the three-point bending test, the fracture energy of the cement matrix can
be calculated.

Jtip =
K2

m
Em

(3)

Km =
3(F + 10−3mg/2)10−3L

√
a

2bh2 f (α) (4)

f (α) =
1.99 − α(1 − α)

(
2.15 − 3.93α + 2.7α2)

(1 + 2α)(1 − α)3/2 (5)

α =
a
h

(6)

where Jtip (J/m2) is the fracture energy, Km (MPa·m1/2) is the fracture toughness, Em (GPa)
is the tensile modulus of elasticity, F (kN) is the three-point bending peak load, m (kg) is
the test-piece quality, g (m/s2) is the gravitational acceleration, L (m) is the span of the
three-point bending test piece, a (m) is the notch depth, b (m) is the width of the test piece,
h (m) is the height of the test piece and f (α) is the test-piece shape parameters.

According to the single-seam tensile test, the relationship between the stress and crack
opening width can be obtained, and the maximum complementary energy can be obtained
by integrating it with the axis where the stress is located, as shown in Figure 9.
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Figure 9. Relationship between the crack opening width and bridging-fiber stress.

3. Results and Discussion

3.1. Uniaxial Tensile Results and Stress–Strain Analysis

Figure 10 shows the failure mode of each group of specimens under uniaxial tension,
and Figure 11 shows the stress–strain curve under uniaxial tension. The test phenomenon
and stress–strain curve show that in the initial stage of loading, the ECC specimen is in
the elastic stage and the tensile force is mainly borne by the cement matrix. When the
cracking strength of the cement matrix is reached, the specimen exhibits the first crack,
and the stress–strain curve suddenly drops. Cracks continue to appear as the tensile force
increases and the stress–strain curve repeatedly fluctuates, exhibiting strain-hardening
characteristics. During the failure process of the test piece, the continuous sound of fibers
being pulled out or broken can be heard. The reason for this is that the PE fiber plays a
bridging role after the cement matrix breaks, bears the load from the matrix and makes the
surrounding matrix continuously generate new cracks until the PE fiber fails in its bridging
role, resulting in multiple cracks and a large deformation.

(a) 

10mm 

(b) 

10mm 

(c) 

10mm 

(d) 

10mm 

(e) 

10mm 

Figure 10. Failure mode of uniaxial tensile specimen: (a) Group A; (b) Group B; (c) Group C;
(d) Group D; (e) Group E.
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Figure 11. Uniaxial tensile stress–strain curve of ECCs with different sand sizes and ages: (a) Group
A-7d; (b) Group B-7d; (c) Group C-7d; (d) Group D-7d; (e) Group E-7d; (f) Group A-28d; (g) Group
B-28d; (h) Group C-28d; (i) Group D-28d; (j) Group E-28d.

The shape and distribution of the two groups of fractures are basically consistent
based on the comparative analysis of Group A with desert sand and Group B with ordinary
sand as both have a spacing of approximately 2–3 mm and a fracture width of less than
100 μm. The number of cracks is 40–50, which demonstrates the characteristics of the
dense, saturated multiple cracks. The deformation of the two groups is mainly generated
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by the cumulative width of these multiple cracks. For ordinary sand, Group B exhibits
dense, saturated multiple cracking characteristics. Although Groups C, D and E also
exhibit multiple cracking characteristics, they exhibit unsaturated multiple cracking. The
cracks are unevenly distributed, and the maximum spacing of the cracks can reach 15 mm,
which indicates that the reinforcement effect of the fibers has not been fully utilized. The
deformation of materials is mainly obtained through the final main-crack cracking, which
limits the final deformation ability of the materials. In total, the number of cracks becomes
increasingly fewer as the particle size increases. A coarse particle size is not conducive to
the realization of multiple cracking in the ECCs, especially for particles larger than 0.6 mm.
Desert sand and ordinary sand with a 0.075–0.3 mm particle size show excellent multiple
cracking characteristics and the ability to control the crack width.

The uniaxial tensile properties of the ECCs with different particle sizes and ages are
shown in Figure 12. From the perspective of the initial crack strength, the 7-day initial crack
strengths of Group A with desert sand and Group B with ordinary sand are 2.09 MPa and
2.06 MPa, respectively, and the 28-day initial crack strengths are 2.51 MPa and 2.64 MPa,
respectively, under the same change trend. For ordinary sand, the initial crack strength of
the ECCs tends to increase along with the increase in the sand particle size, but the initial
crack strength of Groups C–E at 28 days does not significantly increase, which may be
caused by the random difference in the cement matrix’s defect size.
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Figure 12. Uniaxial tensile properties of specimens with different particle sizes and ages: (a) initial
crack strength; (b) elastic modulus; (c) tensile strain; (d) tensile strength.

According to the 28-day tensile elastic modulus, for Groups A and B, the tensile elastic
moduli are 3.76 GPa and 3.31 GPa, respectively. The tensile elastic modulus of the ECCs
with desert sand is higher, but the difference is not significant. For ordinary sand, the tensile
elastic modulus of Group B with fine particles is higher than the tensile elastic modulus of
Groups C–E. The tensile elastic modulus decreases as the particle size increases.

Comparison and analysis of the desert and ordinary sand reveal that the tensile
strengths of Group A at 7 and 28 days are 4.47 MPa and 4.97 MPa, respectively, and those
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of Group B are 4.06 MPa and 4.57 MPa, respectively. The tensile strength of the desert sand
is slightly higher than that of Group B with ordinary sand. The tensile strains of Group A
at 7 and 28 days are 5.80% and 6.78%, respectively, whereas those of Group B are 4.06% and
8.13%, respectively. The tensile strain of ordinary sand at 28 days is slightly higher than
that of the desert sand, and the tensile deformation of both is much higher, being 2% more
than the minimum limit value of the ECCs defined by the general rules, which indicates
that the deformation capacity of the ECC materials prepared from desert sand is excellent
and can completely replace ordinary sand.

The tensile strength and tensile deformation of ordinary sand with a 0.075–0.3 mm
particle size show an increasing trend alongside the increase in age, whereas when the
particle size exceeds 0.6 mm, a decreasing trend occurs. The reason for this is that the strain-
hardening property of the coarse-grain-sized sand decreases as the grain size increases,
which leads to the premature occurrence of the main cracks in the test piece and leads to
a decrease in the tensile deformation and tensile strength. The tensile strain of the four
groups of the ECC specimens with different particle sizes exceeds 2%, which is consistent
with the identification of the ECCs in this study. Sand with a grain size of less than 0.3 mm
can effectively improve the deformation capacity and tensile strength of the ECCs. The
0.3–0.6 mm grain size increases with age, and the change range of the tensile strength and
tensile deformation is not obvious. A coarse-grain size of more than 0.6 mm can reduce
the deformation capacity and tensile strength, which is not conducive to achieving strain
strengthening in the ECC materials.

3.2. Three-Point Bending Test Results and Fracture Energy of the Cement Matrix

Figure 13 shows the failure mode of the three-point bending test piece. Because PE
fiber was not added to the cement matrix, each group of the test pieces was brittle when
they were damaged, and they all broke from the notch. Equations (3)–(6), which are
recommended by Tada [42], show that, based on the peak load of the specimen failure,
the mass of the specimen and the elastic modulus measured under uniaxial tension, the
fracture energy of the five groups of matrixes can be obtained, as listed in Table 4 and
Figure 14.

For Group A and Group B, the fracture energies are 72.5 J/m2 and 67 J/m2, respectively,
which are small and conducive to achieving a high toughness. For ordinary sand, the matrix
fracture energies of Groups B to E are 67.0 J/m2, 90.6 J/m2, 109.6 J/m2 and 96.5 J/m2,
respectively. The matrix fracture energy of Group B was the smallest, and that of Group C,
Group D and Group E was 35.2%, 63.6% and 44.0% higher than that of Group B. It can be
seen that the larger the particle size is, the higher the fracture energy is.

Figure 13. Failure mode of the three-point bending test specimen.

Table 4. Fracture energy of the ECC matrix with different sand sizes.

Group Peak Load F (kN)
Fracture Toughness

Km (MPa·m1/2)

Fracture Energy Jtip

(J/m2)

A 0.71 0.522 72.5
B 0.64 0.471 67.0
C 0.73 0.536 90.6
D 0.68 0.500 109.6
E 0.72 0.529 96.5

51



Materials 2023, 16, 697

 

Fr
ac

tu
re

 e
ne

rg
y 

(J
/m

2 ) 

Figure 14. Fracture energy of the cement matrix with different sand particle sizes.

3.3. Single-Seam Tensile Test Results and Complementary Energy

Figure 15 shows the failure mode of the single-seam tensile specimen. The failure
occurs at the notch, and no cracks appear in other places. The stress–displacement curve
is shown in Figure 16. The peak stress and the opening width at the peak stress can be
obtained. The complementary energy J′b can be obtained by integrating the axis of the
stress, as listed in Table 5.

10 mm 

Figure 15. Failure mode of the single-seam tensile specimen.
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Figure 16. Tensile stress–displacement curve of the single seam with different sand particle sizes.

52



Materials 2023, 16, 697

Table 5. Complementary energy of the ECC single-seam cracking test.

Group Peak Stress σ0 (MPa)
Opening Width

Corresponding to
Peak Stress δ0 (mm)

Complementary
Energy J′b (J/m2)

A 7.24 0.40 635
B 6.14 0.48 547.5
C 5.07 0.45 397.7
D 6.27 0.63 553.9
E 6.83 0.52 578.0

3.4. Analysis and Discussion of Fracture Toughness

The multiple cracking performance (MCP) and the pseudostrain hardening (PSH)
could be obtained, respectively, according to the matrix’s fracture energy Jtip, the comple-
mentary energy J′b and the initial crack strength, which was measured by the three-point
bending test, the single-seam tensile test and the uniaxial tensile test, respectively, as shown
in Table 6 and Figure 17.

Table 6. MCP and PSH values of the desert sand and ordinary sand with different particle sizes.

Group MCP PSH

A 2.88 8.76
B 2.33 8.17
C 2.44 5.39
D 2.45 5.05
E 2.40 6.00
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Figure 17. Comparative analysis of MCP and PSH values for the desert sand and ordinary sand.

The MCP of Group A with desert sand and Group B with ordinary sand is 2.88 and
2.33, respectively. The desert sand group’s MCP is slightly larger than that of the ordinary
sand group, and both are greater than 1.3, which meets the requirements of the strength
criteria in Equation (1). Both groups of specimens have obvious characteristics of multiple
cracking, which have been verified via the uniaxial tensile stress–strain curve and the
specimen failure phenomenon. The PSH of the two groups of specimens is 8.76 and 8.17,
respectively, which are both much larger than 2.7. The desert sand group’s PSH is slightly
larger than that of the ordinary sand group, and both meet the requirements of the energy
criteria in Equation (2). The higher PSH of the desert sand group is conducive to achieving
a high toughness.

For ordinary sand, the MCP of Groups B to E is 2.33, 2.44, 2.45 and 2.40, respec-
tively, which are all greater than 1.3 and meet the requirements of the strength criteria in
Equation (1). The four groups of specimens have the characteristic of multiple cracking.
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The PSH of the four groups of ordinary sand specimens are 8.17, 5.39, 5.05 and 6.00, which
are all greater than 2.7 and meet the requirements of the energy criteria in Equation (2). It
can be seen that the smaller the grain size of the ordinary sand is, the easier it is to achieve
stable multiple cracking and strain hardening. Similar conclusions were reflected in M.
Sahmaran’s research [33]. In that research, dolomite limestone sand and gravel sand with
a maximum particle size of 1.19 mm and 2.38 mm were used to replace micro-silica sand
with maximum particle sizes of 0.2 mm when preparing the ECCs, and the production
cost of the ECCs was reduced. The tensile strength and deformation of the ECC materials
prepared by using larger grains of sand were reduced to varying degrees.

4. Conclusions

(1) The results show that the uniaxial tensile strength of the ECCs with desert sand is
4.97 MPa, whereas the maximum tensile strain is 6.17%. The high toughness of the
ECCs with desert sand is shown to be outstanding according to the results of the stress–
strain curves, the strength criteria and the energy criteria. It is verified that desert
sand is feasible to be used as a substitute to ordinary sand for the ECC preparation.

(2) The performance of the ECCs with ordinary sand is closely related to the particle size
of sand. The tensile strength, tensile deformation and toughness of the ECC materials
are decreased when the particle size is increased. The maximum tensile strength and
tensile deformation were obtained for the particle size from 0.075 to 0.3 mm, which
are 4.57 MPa and 8.13%, respectively. In engineering projects, the ECCs should be
prepared with a particle size below 0.3 mm, and the maximum particle size should
not exceed 0.6 mm.

(3) The compression and bending properties of the ECCs with desert sand, as well as
the interfacial connection between the fiber and matrix at the microscale, should be
further studied.
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Abstract: This study was carried out to investigate the effect of the diamond-shaped Interlocking
Chain Plastic Bead (ICPB) on fiber-reinforced fly ash-based geopolymer concrete. In this study,
geopolymer concrete was produced using fly ash, NaOH, silicate, aggregate, and nylon66 fibers.
Characterization of fly ash-based geopolymers (FGP) and fly ash-based geopolymer concrete (FRGPC)
included chemical composition via XRF, functional group analysis via FTIR, compressive strength
determination, flexural strength, density, slump test, and water absorption. The percentage of fiber
volume added to FRGPC and FGP varied from 0% to 0.5%, and 1.5% to 2.0%. From the results
obtained, it was found that ICBP fiber led to a negative result for FGP at 28 days but showed a
better performance in FRGPC reinforced fiber at 28 and 90 days compared to plain geopolymer
concrete. Meanwhile, NFRPGC showed that the optimum result was obtained with 0.5% of fiber
addition due to the compressive strength performance at 28 days and 90 days, which were 67.7 MPa
and 970.13 MPa, respectively. Similar results were observed for flexural strength, where 0.5% fiber
addition resulted in the highest strength at 28 and 90 days (4.43 MPa and 4.99 MPa, respectively),
and the strength performance began to decline after 0.5% fiber addition. According to the results
of the slump test, an increase in fiber addition decreases the workability of geopolymer concrete.
Density and water absorption, however, increase proportionally with the amount of fiber added.
Therefore, diamond-shaped ICPB fiber in geopolymer concrete exhibits superior compressive and
flexural strength.

Keywords: geopolymers; geopolymer concrete; polymer fiber reinforced geopolymers; interfacial bonding

1. Introduction

Traditional Portland cement (OPC) is regarded as the most widely used construction
material in the world for the production of mortars. Large amounts of energy derived from
the combustion of fossil fuels are used in the production of OPC, resulting in the emission
of greenhouse gases, such as carbon dioxide (CO2). According to earlier research, 1.5 metric
tons of raw materials are required to produce one metric ton of cement, resulting in the
emission of 0.8 metric tons of CO2 into the environment [1].

Many studies have been conducted in an effort to reduce the OPC contents in concrete
mixtures by partially or entirely substituting the OPC with a mineral addition or industrial
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by-product such as fly ash, slag, or silica fume in order to reduce CO2 emissions [2]. Due
to the substitution of aluminosilicate materials, geopolymers have been introduced as
alternatives to OPC in the construction field. Geopolymers can be made from any raw
materials that have a high silica (SiO2) and alumina (Al2O3) composition as their main
constituents, can react with a concentrated alkaline solution, and have thermal energy for
curing to speed up the reactions [3].

One of the commonly used aluminosilicate materials is fly ash. Fly ash is a by-product
that is produced from burning anthracite or bituminous coal. Fly ash is widely available
over the world, possesses pozzolanic properties, and is high in alumina and silicate, but
its application has been limited so far. Despite the fact that coal-burning power plants are
environmentally harmful, the amount of energy produced by them is increasing due to the
huge global supply of high-quality coal and the low cost of energy produced from these
sources [4–6].

Due to the material’s high compressive strength and low tensile strength, geopolymer
has been shown to possess mechanical properties similar to those of hardened cement
(brittle). Fiber reinforced concrete (FRC), also known as conventional concrete, is made by
randomly adding tiny fibers to the concrete mixture to increase its brittleness. If a crack
develops in plain concrete while it is being loaded, it spreads quickly and results in a loss of
load carrying capacity. In contrast, with FRC, the break is intercepted by the fibers scattered
throughout the matrix, causing it to slow down and even come to a stop. This process,
known as the “crack bridging effect”, increases the toughness of the concrete and maintains
its capability of supporting a load even after the first crack appears [2].

The type of fiber, fiber content, bonding strength between the fiber and matrix, and
mechanical properties of the fiber are significant in improving the mechanical qualities of
geopolymer concrete (GPC). Steel fiber (SF) and polypropylene fiber (PF) are the two most
common forms of fiber [7]. Metallic fibers frequently enhance flexural strength due to their
higher stiffness, whereas non-metallic fibers regulate plastic matrix shrinkage due to their
larger aspect ratio and surface contact area [8]. PF is believed to improve the performance
of concrete owing to its high impact resistance, greater strain to failure, fine crack-free
finish, increased water permeability resistance, and subsequently improved durability.

On the other hand, fibers from a variety of materials, including metal-based fibers such
as steel and stainless-steel alloys; carbon-based fibers such as PAN rayon and mesophase
pitch; synthetic fibers such as polyvinyl alcohol, polypropylene, and polyethylene; natural
fibers such as jute, sisal, bamboo, and coconut; and inorganic fibers such as silica and basalt,
are frequently used in composite materials [9].

The high strength, high modulus fibers, such as steel, glass, asbestos, carbon, and etc.,
are primarily used to acquire superior strain hardening after peak load, fracture toughness,
and resistance to fatigue/thermal shocks, whereas the low modulus, high elongation fibers,
such as nylon, polypropylene, PET (Polyethylene terephthalate), polyester, and shredded
tire wastes, are potentially used in, but not limited to, enhancement of energy absorbed [10].

The most common steel and polypropylene fibers employed in nylon fiber research
were quite few. A synthetic substance is nylon. Nylon is a smooth, thermoplastic substance
that may be melted and processed into a variety of “films, fibers, or forms”. Nylon fiber
was chosen because it has excellent hardness, resilience, and durability qualities. It is also
easily available in a wide range of colors, can be dyed, is resistant to soil and filth, has high
abrasion capabilities, and can be cut into various cross sections. Nylon is resistant to a
range of materials, hydrophilic, heat stable, and generally inactive. After the first fracture,
nylon is most effective in increasing concrete’s load-bearing capacity, flexural toughness,
and impact resistance [11].

The prospect of adding fibers as reinforcement to a geopolymer matrix is therefore the
subject of investigation. These materials’ flexural strength and fracture toughness should
both be strengthened by the addition of fibers, as well as the energy that the geopolymer can
take before suffering damage. Strengthening geopolymers with short fibers is particularly
effective because of how easily they can be dispersed. A fracture becomes more ductile
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and less brittle as fibers are added. The material’s cracks are less numerous, and they are
smaller in size, with a maximum crack width. This is especially true of microcracks, which
are less likely to spread [12].

The main objective of this study is to investigate the strength of the fly ash geopolymer
concrete reinforced fibers at two different curing times, which are 28 days and 90 days.
The nylon66 fiber has been introduced in this study due to its good properties. This study
also focuses on the effect of interlocking plastic bead (diamond end shape) toward the
geopolymer concrete strength properties.

2. Materials and Methods

Preparation of NFRGC

In this study, Nylon66 Fiber Reinforcement Geopolymer Concrete (NFRGC) was used
in the formation of geopolymers alongside other materials, including fly ash, alkali activator,
and aggregates. Sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) were combined
to create an alkali activator with a ratio of 2.5. 12M of NaOH concentration was used in this
research, which was achieved by diluting the NaOH pellet in distilled water at the desired
concentration. Meanwhile, the ratio of fly ash to an alkali activator was fixed at 2.0. All of
the selected ratios for the formation of fly ash geopolymers in Tables 1 and 2 were based on
the previous findings [13].

Table 1. Mix design of nylon66 fiber reinforced geopolymer concrete for compressive.

Plastic Fiber
Addition
(Kg/m3)

Fly Ash
(kg/m3)

Coarse
Aggregate

(kg/m3)

Fine
Aggregate

(kg/m3)

Sodium
Silicate
(kg/m3)

Sodium
Hydroxide

(kg/m3)

0 640.00 864.00 576.00 229.00 91.00
0.012 630.44 851.10 567.40 225.58 89.42
0.024 620.99 838.34 558.89 222.20 88.30
0.036 611.63 825.70 550.47 218.85 86.97
0.048 602.36 813.19 542.13 215.53 85.65

Table 2. Mix design of nylon66 fiber reinforced geopolymer concrete for flexural.

Plastic Fiber
Addition
(kg/m3)

Fly Ash
(kg/m3)

Coarse
Aggregate

(kg/m3)

Fine
Aggregate

(kg/m3)

Sodium
Silicate
(kg/m3)

Sodium
Hydroxide

(kg/m3)

0 3200.00 4320.00 2880.00 1145.00 455.00
0.06 3152.20 4255.50 2837.00 1127.90 447.10
0.12 3104.95 4191.70 2794.45 1101.00 441.50
0.18 3058.18 4128.50 2752.35 1094.25 438.85
0.24 3011.80 4065.96 2710.65 1077.65 428.25

The fly ash class C used in this study was taken from the plant Manjung, Perak,
Malaysia. There are two types of aggregates used in this study: fine and coarse. River
sand was used as fine aggregate, and granite was used as coarse aggregate, with sizes of
4.7 mm and 20 mm, respectively. The combination ratio for both aggregates is 60% coarse
and 40% fine by weight. Meanwhile, the ratio between geopolymers and aggregate is 40%
geopolymers and 60% aggregate.

Fly ash and alkali activators are mixed at a ratio of 2.0 to create the geopolymer paste.
Nylon66 fibers of diamond form were used in this experiment, which involved Interlocking
Chain Plastic Beads (ICPB). The volume fraction of samples with compressive and flexural
strengths of 0%, 0.5%, 1.0%, 1.5%, and 2.0% was used to determine the amount of nylon66
fibers to add to the geopolymer concrete mixture. Addition of 0%, 0.5%, 1.0%, 1.5%, and
2.0% by volume were tested for compressive strength testing. Additional information on
Nylon fiber specification used in the production of NFRGC is summarized in Figure 1.
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Figure 1. The plastic fiber and specification.

To create the required and precise shape and dimensions of the plastic bead, a unique
mold was created. The beads’ shape was created using the plastic injection molding process.
With controlled speed and pressure, a molten nylon66 resin mixture colored with white
was injected into the mold. The substance was then freed from the mold after cooling
and taking on the appropriate form. The procedure was repeated in order to obtain more
units. Six (6) different beads per set make up the linked plastic beads. They had two
and three-bead systems cut off. This study does not include a fiber-type processing step.
The fiber type was applied in this study to investigate the effect of ICPB in geopolymer
concrete, since studies on the diamond shape of ICPB are still limited. Nylon66 is noted as a
polymer, and thus has poor bonding between matrix and fiber compared to metallic fibers,
but excellent corrosion resistance. In this study, new virgin material was used instead of
recycled material to reduce impurities.

There is no standard shape for aggregates because they all have unique forms; however,
spherical and angular aggregates are the most popular and function well. Additionally, as
aggregate shapes are inherently uneven after crushing and display similarities in terms of
shape, size, and surface roughness, it is impossible to design or manufacture something
that is precisely like an aggregate. Based on the situation, diamond-shaped beads were
chosen as the form for the beads. The diamond shape is both round and slightly angular.

The NFRGC samples were cast in (100 mm × 100 mm × 100 mm) and (500 mm ×
100 mm × 100 mm) molds for physical (workability, density, and water absorption) and
mechanical (compressive and flexural) testing. Following a 24 h curing period, samples
were removed from the mold and allowed to cure for 28 and 90 days at room temperature.

A slump test was used to evaluate the NFRGC’s workability. The ASTM C143 guide-
lines were followed for performing the slump test. After mixing, three layers of newly
created geopolymer concrete were poured into a slump cone. Twenty-five tamping rod
strokes were used to compress each layer. From the cone’s top, fresher NFRGC was scraped
off. The freshly constructed NFRGC was then immediately raised vertically to eliminate
the concrete cone’s workability. The slump was calculated by determining the separation
between the top of the slump cone and the original center, which had been shifted, of the
top surface of the new NFRGC.

A density test was conducted on the 28-day sample. A sample was submerged in
water at room temperature for 24 h. In a water tank, the NFRGC sample was positioned
apart from one another without touching. The top of the sample surface was no more than
150 mm relative to the still water line. To guarantee there was a 3 mm space between the
sample and the bottom of the water container, the immersed sample was set on a wire
mesh.
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The 24 h immersed sample of NFRGC was weighed and recorded (Wi). The sample
was then taken out of the water tank and left to dry for one minute. A moist towel was
used to remove any apparent water from the sample’s surface. Afterwards, the sample was
weighed and recorded as being saturated (Ws). After that, the sample was dried for 24 h at
110 ◦C in an oven. Following that, the dried sample was weighed and given a dried weight
label (Wd).

A Universal Testing Machine (UTM) Automatic Max was used to determine the
compressive strength of sample NFRGC in accordance with standard BS 1881-116. (Instron,
5569, Norwood, MA, USA). This testing was done on samples that were cured for 28 and
90 days at room temperature. A load speed adjustment of 0.1 kN/s was made.

The flexural test was carried out to gauge the sample’s flexural strength. Using the
UTM model Automatic Max, the sample was put through a 4-point bending test (Instron,
5569, Norwood, MA, USA). The testing was carried out according to ASTM C1018. This
study used a constant deflection rate that ranged from 0.05 to 0.10 mm/min. The lower
and top supports were 300 mm and 100 mm in height, respectively. After being cured at
room temperature for 28 and 90 days, the sample was examined.

3. Results and Discussion

3.1. Chemical Composition

Table 3 provides a summary of the chemical composition of the fly ash used to make
geopolymer concrete with both types of fibers. There are five major elements that contribute
to the properties of geopolymers, comprising SiO2, CaO, Fe2O3, Al2O3 and MgO. It is
worth noting that fly ash is composed of silicon oxide, aluminum oxide, iron oxides, and
other minor oxides. Major components including SiO2 and Al2O3 contribute almost 90% of
the total weight of fly ash. Meanwhile, Fe2O3 content is less than 5% of the total weight of
fly ash. From Table 3, the total composition of SiO2 and Al2O3 are 43.9%, followed by CaO
with 22.30%, Fe2O3 with 22.99%, and MgO with less than 1%. According to the chemical
composition obtained, the fly ash used in this study was classified as Class C fly ash [14].
In addition, the fly ash used meets the basic requirements for a source of material to be used
as a precursor due to its high Si and Al content, which is significant for creating geopolymer
bonds.

Table 3. Chemical composition of fly ash.

Composition Weight%

SiO2 30.80
CaO 22.30

Fe2O3 22.99
Al2O3 13.10
MgO 4.00
K2O 1.60
TiO2 0.89
SO3 2.67

MnO 0.21
Others 1.44

Si-O-Al appeared as one of the most significant linkages that affected the strength of
the geopolymer, and the combination of Si and Al maps demonstrated how it formed. The
geopolymer typically has a favorable setting time due to being high in calcium (Ca) content.
Although there was a significant difference in the amount of Ca in the two geopolymers,
it was discovered that the strength growth was gradual. Meanwhile, increasing curing
temperature and time resulted in increased strength. The presence of Si and Al components
in geopolymer composites influences strength development because more geopolymer
chains are formed, which strengthens the geopolymer composite materials. The majority of
the geopolymer’s basic structure is made up of Si-O-Al, demonstrating the importance of
Si and Al components in producing strong development. The presence of Mg, however,
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slowed the geopolymer’s strength growth. This has disrupted the Ca-Si-O-backbone Al
structure, reducing the geopolymer’s ability to produce strength. In addition, due to the
development of hydrotalcite group phases and a decrease in the amount of readily available
Al element, appropriate Ca enables the formation of low Al C-(A)-S-H.

3.2. FTIR Spectera

The infrared analysis spectra of the applied fly ash are shown in Figure 2. The figure
shows several peaks at 428 cm−1, 532.64 cm−1, 733.22 cm−1, 1253.53 cm−1, 1663.95 cm−1,
3222.98 cm−1, and 3782 cm−1. Absorption bands at 733.22 cm−1, 532.64 cm−1, and 428.59 cm−1

were labelled as O Si O links in quartz, and Si O and Al O bonds in zeolite frameworks,
and the band surrounding 1000−960 cm−1 represents bonds of Si–O–T (T is tetrahedral
Si or Al) of the geopolymer gel. Absorption bands at regions at 450 cm−1 can represent
Si–O–Al linkage; Si O bond characterizes to bending vibration at 400−500 cm−1, and the
stretching vibration at 800−1000 cm−1. Although, absorption bands in regions at 980 cm−1

can be related to O–Si–O bond bending vibration, or symmetric stretching vibrations of the
Si–O–Si (Al) bridge [15,16].

 

Figure 2. FTIR spectrum of fly ash.

The asymmetric stretching vibrations of the silicon tetrahedral (SiO4-4) found in the
chain structure of the Si-O terminal bonds can also be attributed to several additional bands
found in regions around 1253.53 cm−1 [17]. Meanwhile, the stretching vibration of O-H and
H-O-H due to water and silanol group occurs within a range of 3222.98 cm−1 to 3782 cm−1.
This indicates a stretching vibration of O-H and H-O-H from 82 water molecules which
are weakly bonded that appear at the surface, or are trapped in a large cavity inside
the geopolymer sample. In addition, a wavenumber of 1664.95 cm−1 represents bending
vibration of H-O-H.

Meanwhile, infrared analysis spectra for the geopolymer concrete are illustrated in
Figure 3. The result shows observation at peak 3775.37 cm−1, 3454.07 cm−1, 1638.68 cm−1,
1544.29 cm−1, 1411.56 cm−1, 1062.90 cm−1, and 671.18 cm−1.
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Figure 3. FTIR spectrum of geopolymers.

The intensity of absorption bands at 671.18 cm−1 is connected to the stretching vi-
bration of the Si-O-Si symmetry and the bending vibration of the O-Si-O bonds (Al) [17].
The size of these bands is due to the material being amorphous. There is also a vibration
band for the stretching of Si-O-A at 1062.90 cm−1. The Si-O-Al was determined by the
peaks found between 700 and 1100 cm−1 [18]. In the peak from 1400 to 1450 cm−1 it
was noticed the temperature rose to 1000 ◦C. As the peak shifted to 1411.56 cm−1, the
strength of the composite decreased. The band at 1411.56 cm−1 displays the feature of the
asymmetric O-C-O stretching mode, which shows the existence of sodium carbonate due
to the interaction between too much sodium and ambient carbon dioxide [19].

Three bands located at 1638.68 cm−1, 3375.37 cm−1, and 3454.07 cm−1 were associated
with the water molecules. As a result of the inclusion of nanoparticles, the overall spectra
also demonstrated an increase in the intensity of the Si-O-Al band, suggesting a rise
in the quantity of N-A-S-H gel [20]. Simultaneously, the frequency moved to a higher
wavenumber at 1544.29 cm−1 as rising solid/liquid ratios, which suggested calcite vibration.
Calcite and amorphous silica were produced when tobermorite decalcified, which caused
the wavenumber to change [21]. Peak calcium-based component intensity demonstrated
the dominance of high strength geopolymer structure.

3.3. Compressive Strength

Fiber reinforced geopolymers at 28 days, as well as Geopolymer concrete with nylon66
fiber (NF) reinforcement’s compressive strength for both samples at 28 and 90 days. The
compressive strength of geopolymer concrete appears to increase with plastic fiber addition,
up to a maximum value at 0.50% of fiber addition. This is because nylon66 fibers, which
restrict cracks from spreading during compression loads, and linked interlocking plastic
beads act as reinforcing agents by interlocking with each other in the aggregate skeleton.
The main strategy used in this study is to fill the spaces between the fine and coarse
aggregate with beads to give them an interlocking strength using a linked plastic system,
as illustrated in the schematic picture in Figure 4. The weak interfacial connection between
the matrix and the fiber caused by hydrophobic surface characteristics was significantly
improved by the linked interlocking plastic beads. As a result of the nylon66 fibers’
contribution, the geopolymer binder slid out of the nylon66 fibers’ diamond-shaped ends
with greater resistance than the straight fiber without anchorage.
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Figure 4. The chained interlocking plastic beads schematic diagram illustrated.

The compressive strength of geopolymers with fiber addition is depicted in Figure 5.
The results demonstrate that fly ash geopolymers without nylon66 fiber addition have
higher strengths, and the strength starts to decrease with the inclusion of nylon66 fiber.
Even though the reduction in strength is about 35% at 0.50v% fiber addition, the strength
obtained is still notably higher (35.59 MPa). According to the results, adding nylon66 fiber
or linked interlocking plastic beads did not improve the compressive strength properties
of geopolymers. The interfacial connection between the matrix and fiber is believed to be
weak due to the smooth or hydrophobic surfaces of the polymers, and the fiber cannot
inhibit the spread of cracks in geopolymers. However, some regions in the geopolymer
matrix that include nylon66 fibers are believed to fill the voids between fly ash particles
with beads to give them an interlocking strength and contribute to good strength. Insertion
of fiber greater than 0.50% disturbs the CASH bonding in the geopolymer matrix and
diminishes its compressive strength. According Patrycya et al. [22], the optimum result
obtained on geopolymers reinforced with hooked-end steel fiber and melamine fiber was
circa 0.5% amount of fiber by weight. The result shows that plain GPC is 40 MPa; steel
fiber 0.5% is 40 MPa, and 1.0% is 39 MPa; and melamine fiber 0.5% is 50 MPa, and 1.0% is
45 MPa. Melamine fiber has better resistance to force. Based on the research, fiber shape
gave an effect to the compressive strength on geopolymers; hooked-end type steel fiber
held the matrix with greater force during crack propagation [23]. The schematic function of
fiber that was used in this study for the geopolymer concrete was illustrated previously in
Figure 4. The addition of nylon66 fibers’ (ICPB) diamond shape on reinforced geopolymers
was intended to investigate the effect on the compressive strength between GP and GPC.

Figure 6a depicts the compressive strength of Nylon66 Fiber Reinforced Geopolymer
Concrete (NFRGC) after 28 days of room temperature curing. It was discovered that adding
0.5% of fiber resulted in a higher compressive strength with a value of 67.6 MPa, which
then decreased to 53.3 MPa with the addition of fiber at 2.0%. Geopolymer concrete has a
high compressive strength, and suitable fiber addition as well as fiber type were discovered
to increase properties depending on the application. Chained interlocking plastic-bead
fibers increase the strength of NFRGC as compared to geopolymers. This is due to the
capacity of Nylon66 fibers to delay the spread of cracks during compression loads. This
can be attributed to RTS fiber’s high stiffness and hydrophilicity, which allow it to absorb
more energy and form a strong fiber-matrix interaction [23,24].
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Figure 5. Compressive strength of geopolymers.

Figure 6. (a) Compressive strength of NFRGC for 30 days and (b) Compressive strength of NFRGC
for 90 days.
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Since Nylon66 fiber has a lower young modulus than steel fiber, increasing fiber
addition in geopolymers results in a negative trend in concrete. As additional fiber is
added, the compressive strength decreases while the toughness increases due to the higher
elasticity of nylon66 fiber over geopolymer concrete. Fiber length influences compressive
strength or toughness strength, and research has shown that short fiber is ideal for these
qualities as well as to avoid microcrack propagation. Composites with an irregular internal
structure resulted in reduced compressive strengths and variable compressive behaviour.
As a result, the incorporation of metallic fibers could improve the mechanical properties
of GPC, whilst the high fraction of nylon66 fibers in GPC could lower its mechanical
performance. The substantial standard deviations of the findings of the hybrid replacement
series with more fiber made this apparent. Meanwhile, Figure 6b illustrates the NFRGC’s
compressive strength after 90 days.

The compressive strength of NFRGC is affected by the curing period. After 90 days,
the compressive strength of the NFRGC has increased in comparison to 28 days. After
90 days, the compressive strength increased to 70.13 MPa, from 67.6 MPa at 28 days, with
the addition of 0.5% fiber. However, once the fiber inclusion exceeds 0.5%, the compressive
strength of geopolymers decreases. When the NF volume exceeds 0.5%, the decrease in
compressive strength is primarily due to the difficulty of fiber distribution, especially in
large volume fractions, which is caused by poor workability and inadequate compaction.
In contrast, NFRGC with the lowest nylon66 fiber concentration achieved the highest
compressive strength, owing to the mechanical properties of nylon66 fiber. The fibers
in concrete contributed to energy dissipation via the bridging effect of their shape and
mechanical properties. The frictional bonding that develops as a result of the resistance to
pulling out the nylon66 fibers, caused by friction between the fibers and the geopolymer
matrix, contribute to the NFRGC’s high strength [25].

In addition, as the fiber content increased to 1%, compressive strength decreased
substantially from 70.13 to 57.5 MPa. This is believed to be attributed to the material’s
poor compaction and significant voids. Due to the material’s high degree of flexibility,
high volume fractions of Nylon66 fiber make compaction difficult, resulting in a loose and
porous geopolymer matrix. The relative density of fiber-reinforced geopolymer composites,
on the other hand, was decreased by adding more fibers. This is due to the fact that the
air bubbles caused by imperfect vibration in the composite products caused the relative
density to increase. This condition hinders the consolidation of the fresh mixture, and even
the long exterior vibrations are ineffective at compacting the concrete. As observed, an
increase in fiber content above 2% has a negative impact on composite density.

The compressive strength of fiber reinforced concrete increased initially and subse-
quently declined as the nylon66 fiber content grew from 0% to 2%, with a 0.5% optimal
point where the internal structure of geopolymer concrete was considerably enhanced. The
main factor causing the decline in compressive strength when the NF percentages are more
than 0.5% is the difficulty in dispersing fiber, especially in large volume fractions, which
contributes to poor workability and insufficient compaction [26].

Judging by previous work, there are no studies focusing on Nylon as fiber in concrete.
However, other types of fiber such as PP and PF were the guidance in this research. Ac-
cording to Wang et al. [27] the compressive strength of polypropylene (PP) fiber reinforced
geopolymer concrete with fiber length of 12 mm was observed to be slightly higher than
that of 3 mm. The fiber type was straight fibers. Longer fibers performed better in terms
of bridge effects because of the increased contact area between them and the geopolymer
concrete, which led to a greater frictional force. In comparison to shorter strands, longer
fiber could connect more air spaces. This research shows that effect of length contributes
to the contact area and helps improve the bonding of polymer fibers and geopolymers.
Compared to our study using long fiber, short fiber can also be improved by size and shape.

Piti et al.’s [2] study used the PF crimped type in fiber reinforced geopolymers, based
on the compressive strength result that 0.5% fiber content is the optimum result. The plain
geopolymer’s strength was 40.08 MPa, and the strength improved to 47.0 MPa after being
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reinforced by fibers at 0.5%. This illustrated that the trend of compressive strength was
decreased to 34.49 MPa at 1.0% and so on.

According to Ranjbar et al.’s [15] investigation on the mechanisms of interfacial bond
in steel and polypropylene reinforced geopolymer composite, after curing PF reinforced
geopolymers for 56 days, the compressive strength of the plain geopolymers was the
highest compared to others with fiber added. They illustrated that 0.5% content was the
best, with 45 MPa compressive strength, compared with 1%, 2%, 3%, and 4% contents.

The compression results between 28 and 90 days followed the same pattern as the opti-
mal result, indicating that a fiber content of 0.5% is the best result. The 90-day outcome was
somewhat enhanced due to the geopolymers themselves. Curing time and temperature are
significant factors in the hydration process of geopolymerization, with higher temperatures
accelerating the hydration process and contributing to the geopolymer’s high strength.
An extended curing period, however, influences the performance of geopolymers. In this
instance, curing time enhances the compressive strength of geopolymers. The addition of
NF reinforced in fly ash-based geopolymers progressively causes a geopolymer bonding
reaction in the NFRGC, and the interlocking between the fiber, aggregate, and geopolymer
matrix gets better with time.

The failure mode of the NFRGC cube when compressed is shown in Figure 7. All
NFRGC specimens maintained their forms with little debris even after compression-
induced failure, which is often characterized by evident large fissures.

Figure 7a shows the geopolymer concrete breaks into parts due to the brittle properties
of geopolymer concrete. The fibers provided greater energy for resisting tensile tension
in the cube, which prevented tensile fracture growth. Without fiber, geopolymer concrete
can withstand the high load of energy. Addition of nylon66 fibers make the major crack
propagation directly occur without displaying signs of crack growth prior to breakage.

In comparison to geopolymer concrete without fiber addition, 0.5% has the highest
compressive strength of all results, despite having significant fracture propagation. The
addition of fiber improves geopolymers’ ability to absorb energy, and the interlocking
plastic beads aid in limiting crack propagation, resulting in the major crack spreading
from the minor crack after 0.5% fiber was added. The inclusion of more fibers reduces
compressive strength; however, crack propagation was decreased from major to minor due
to the energy supplied into the fibers during the compression test to slow or stop the crack
growth. The tensile strength was only slightly different from the value reported in the
work of Arsalan et al. [25], which included NF as a fiber addition to the concrete mix. In
addition to selecting the proper fiber fraction, geopolymer concrete must also have equally
distributed fibers in order to achieve the desired amount of strength.

During the compressive test, the greater fiber volume controlled the development of
cracks. Geopolymer density decreases as fiber volume increases, whereas compressive
strength and toughness increase. With the interlocking chain fiber, it is feasible to reduce
energy transmission from the geopolymer concrete itself. It exchanges energy with the fiber
to slow the spread of cracks. Nylon66 fiber can restrict the spread of cracks in geopolymer
concrete, as shown in Figure 7e. It exhibits the symptoms of material breakdown as the
crack spreads.
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Figure 7. Crack pattern of geopolymer concrete (a) without fiber, (b) 0.5%, (c) 1.0%, (d) 1.5%, and
2.0% (e) with a schematic of failure mode.

3.4. Flexural Strength

Figures below illustrate the flexural strength of geopolymer concrete and NFRGC with
fiber addition after 28 and 90 days of curing, respectively. The flexural strength of GPC was
observed to be enhanced with fiber added compared to plain GPC, and this improvement
increased as the volume percent of fiber in the GPC increased.

From Figure 8, it was found that the inclusion of geopolymers led to an increment
of the flexural strength of a concrete to a maximum of 0.5%, or 4.43 MPa. Meanwhile,
normal geopolymer concrete without fiber addition exhibits a flexural strength of 4.39 MPa.
Furthermore, when the nylon66 content exceeded 0.5%, the flexural strength began to
decline. This was due to the samples’ poor workability when nylon66 fibers were added in
large quantities. It is believed that this poor workability has an impact on the distribution
of nylon66 fibers. As a result, when loading was applied, the absorption capacity inside the
sample was unbalanced, thus causing crack formation.
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Figure 8. Flexural strength for 28 days.

Due to the limited availability of fiber, none of the three varieties have the same
forms, surface smoothness, or aspect ratio, making direct comparisons using normalized or
deleted measurements of the same level difficult. The tensile strength of the fiber has the
greatest influence on post-crack behavior, and these factors only have an impact on the first
fracture load. Furthermore, for each type of fiber used, various fiber volume fractions are
generated, taking into account cost, density, and fiber dispersion in the concrete mix.

As shown in Figure 9, the nylon66 fiber played a role in enhancing flexural strength by
inhibiting crack propagation during flexural testing by bridging at the crack region. With
the addition of Nylon66 fibers, the sample was able to sustain a larger flexural force prior
to complete failure. Photographic observation of the crack and final fracture in NFRGC
and geopolymer concrete with various fiber additions is shown in Figure 9.

Figure 9. Shows the sample of bending test (a) geopolymer concrete without fiber addition and
(b) with fiber addition.

The fiber failure mode demonstrates which type of feature dominates the flexural
performance of geopolymer concrete. The majority of fibers do not draw out. All fibers
are not extracted, particularly in the NFRGC. In this case, the binding property between
the fiber and the concrete significantly influences how effectively the structure bends. The
majority of the fibers rip apart at the fracture surface, indicating that fiber tensile behavior
has a major influence on reinforced concrete flexural performance.

With an increase in the percentage of fiber volume, the number of fibers spread over
the fracture surface increases, and the post-cracking performance is also enhanced. Fracture
toughness, also known as post-crack performance, is expressed by the energy absorbed by
a sample during deformation and failure.
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Figure 10 shows that until the addition of 0.5%, the flexural strength of the geopolymer
concrete increases to 4.99 MPa. Meanwhile, the plain geopolymer concrete without fiber
addition has a flexural strength of 4.87 MPa. Flexural performance decreases when nylon66
fiber addition exceeds 0.5%. This is due to the samples’ poor workability when substantial
amounts of Nylon66 fibers are introduced. It is believed that the low workability affects
the distribution of nylon66 fibers. As a result, when loading is applied, the absorption
capacity within the sample is unbalanced. The sample frequently cracks due to the fewer
fibers available. The results of the comparison between 28 and 90 days show that the curing
period is the most important factor in the development of the flexural strength.

Figure 10. Flexural strength for 90 days.

Results for 90 days are better than those for 30 days since geopolymers are still
hydrating slowly at that point. The pattern matches the compressive strength result exactly.
In comparison to 30 days, the geopolymerization at 90 days enhanced the geopolymers’
characteristics, leading to better microstructure properties. According to Figure 10, it
was found that Nylon66 fiber improved the flexural strength of geopolymer concrete.
Regardless of the fiber type, the improvement in first-crack strength was expected due to
the increase in fiber volume fraction.

Moreover, the nylon66 fiber reinforced geopolymer concrete was noted to be primarily
responsible for the fiber bridging effect. Therefore, the characteristics of strain hardening
and the flexural strength may be adversely affected by an increase in fiber content due to
the uneven geometry of fiber from the recycling process.

When the specimen was subjected to the bending load, the area between the two
loading pins, where the flexural stress was at its highest, began to deform and split. Once
the matrix’s bending strength was exceeded, the first crack in composite materials began
to form. After that, the crack continued to spread until it reached a nylon66 fiber with a
low rigidity. The fracture attempted to penetrate through the fiber at this point due to the
flexural tension being applied, which caused it to elongate, rupture, or pull out.

According to Wang et al. [27], the fiber addition was found to significantly improve
the flexural strength of PPRGPC. The percentage of addition was varied at 0.1%, 0.15%,
and 2.0%, respectively. This study used the PP fiber straight type. According to the result
obtained, plain GPC obtained a flexural strength of 4 MPa and the strength was increased
to 4.3 MPa with 0.1% fiber addition. Meanwhile, the flexural strength started to decrease
for fiber addition at 0.15% (4.1 MPa) and 2.0% (4 MPa).

The geopolymerization product that had adhered to the nylon66 fibers’ surface sug-
gested that the binding strength might be high enough to activate this mechanism. The
interfacial bond strength, in contrast, is weaker than the applied stress. By redistributing
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the localized stress, fiber bridging caused the specimens to develop many microcracks.
Increases in ductility and post-cracking toughness were brought on by the ongoing process
of microcrack development.

Flexural strength at 28 and 90 days yielded results with several decimals since there
was little significant variation in strength. The result is 5 MPa to 3 MPa between 28 and
90 days. Flexural strength displays the improvement and gap strength for each fiber added
for 0.5%, 1%, 1.5%, and 2.0% with numerous decimals. The fiber distribution inside the
geopolymers cannot be controlled, which is a problem.

3.5. Water Absorption

The results of the water absorption test are illustrated in Figure 11. With more fiber
additions, the water absorption of geopolymer concrete increased. For geopolymer concrete,
the nylon66 fibers with a 2.0% concentration have the maximum water absorption (0.057).
This is because the workability reduced with the addition of nylon66 fibers as discovered
in this study, which might cause an increase in the creation of pores.

Figure 11. Water absorption of geopolymer concrete with addition of plastic fibers.

Permeability is a measure of how efficiently water, air, and other chemicals, such as
chloride ions, can be absorbed by geopolymer concrete. Similar to OPC concrete, geopoly-
mer concrete also contains pores that enable the absorption of particular compounds.
Higher porosity leads to higher water absorption, which lowers the density of the concrete.
Meanwhile, less porosity leads to a higher density of geopolymers, decreasing water ab-
sorption. Figure 11 shows the significant relation between water absorption and density, as
well as how fiber addition appears to improve water absorption due to higher density. The
weak interfacial interaction of Nylon66 fiber with the matrix could lead to the formation of
a void, which would increase water absorption as fiber addition increased. Furthermore, as
the amount of nylon66 fiber in geopolymer concrete increases, the degree of compaction in
the mix decreases, encouraging the volume of air voids in the geopolymer concrete.

According to Jawad et al. [11], when using nylon fibers, water absorption is increased
by 3–6%. As compared to samples of ordinary concrete, samples of concrete reinforced
with nylon fibers absorb slightly more water. Improved connection between microchannels
in the concrete’s outer surface and binder matrix may be to blame for this. Additionally,
studies show that the addition of fibers improves concrete captivity and water absorption
due to the lengthening of the microchannels in the microstructure.

This degradation would affect the performance of the geopolymer concrete’s fiber
reinforcement, including its compressive strength, flexural properties, fiber matrix inter-
facial bonding, and durability against blasting. It is essential that geopolymer concrete
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has minimal water absorption for better performance. The geopolymer concrete samples
obtained from this study have a high potential for corrosion resistance due to low water
absorption and the use of fiber material. Water absorption was investigated by weighing
the sample after it was removed from the water, since in NRGPC, it alters the qualities
of fibers made with poor resistance to corrosion. Because nylon66 fiber has a low water
absorption rate and is unaffected by corrosion, the amount of fiber used in this investigation
was not measured.

3.6. Slump Test

Using a standard slump cone, the slump was measured. In this study, the geopolymer
concrete’s consistency and workability were assessed using the slump test. Figure 12 shows
the decrease trend of workability for geopolymer concrete with addition of nylon66 fiber.

Figure 12. Slump of geopolymer concrete with addition of plastic fibers.

Figure 12 shows that the slump test result for geopolymer concrete without the inclu-
sion of nylon66 fibers was 100.101 mm. The slump of geopolymer concrete with nylon66
fiber addition reduced with increasing additions of nylon66 fibers from 0% to 2%, which
are 95.87 mm (0.5%), 86.3 mm (1%), 80.3 mm (1.5%), and 65.5 mm (2.0%). This has demon-
strated that the presence of nylon66 fibers makes geopolymer concrete less workable. This
finding suggests that the 65.5 to 100 mm range has low and medium workability.

This outcome also proved that the presence and addition of fibers significantly nega-
tively impacted the workability of geopolymer concrete. This is due to increased friction
between the geopolymer concrete matrix and fibers. The addition of more fibers causes the
viscosity of new geopolymer concrete to increase because more binder is absorbed by the
fibers’ higher surface area, resulting in low slump.

In addition, the fiber and coarse aggregate particles were noted to have compatible
dimensions, which contribute to resisting the relative mobility of the latter. The flow of
fresh geopolymer concrete was resisted in this condition, making it more difficult for coarse
particles to move. This interlocking of fiber and aggregate is depicted in Figure 4. As
a result, the difficulty of the relative movement between the coarse aggregates and the
movement of the mixture increases with the number of fibers added. The mixture flows
much more slowly and becomes less workable. The slump test was carried out using a
slump cone and a mixture of fresh NFRGC, measuring the distance between the surface of
the latter and the top of the slump to gauge the combination’s workability.
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3.7. Density

Measured as mass per unit volume, density is the quantity of a substance. All samples
were weighed after curing for 28 days at room temperature, and their masses were split
by the mold’s 100 mm × 100 mm × 100 mm dimensions. The impact of adding fiber to
geopolymer concrete’s density is seen in Figure 13.

Figure 13. Density of plastic fibers against fiber addition.

According to the findings, 2421 kg/m3 was the density of the addition of 2% plastic
fiber. In direct proportion to the addition of more nylon66 fibers, the geopolymer’s density
rose. This result is illustrated by the range 2315–2421 kg/m3 after fiber was added. The
results show that the density of GPC and NFRGC increase 4% at 2% fiber added.

The change in density value with the addition of fiber in geopolymer concrete does
not reveal any discernible trend in which the density rises and then somehow falls with the
addition of a particular fiber. If the substitute fibers have nearly equal specific gravities, the
density of any fiber-reinforced concrete often does not change considerably.

This tendency according to past investigations is the reverse of what we discovered.
Fiber has increased based on weight rather than volume in this case. The GPC is influenced
by the weight of nylon66 fibers itself. More fiber is added, which boosts the NFRGC’s
performance. We employed the dry test, with a total density of GPC of 2400 kg/m3, in
this experiment. The sample illustrates that the increase in the fiber addition reduces the
shrinkage that can cause the weight loss.

4. Conclusions

The purpose of this study was to determine the effect of varying the percentage
of nylon66 fiber in fly ash geopolymer concrete on strength performance. Furthermore,
chemical, physical, and mechanical testing were performed for evaluating fiber properties,
raw material characteristics, and geopolymers. Based on the analysis and experimental
data results, the following conclusion can be drawn:

1. The majority of the geopolymers’ basic structure is made up of Si-O-Al, indicating the
significance of the Si and Al components in creating strong strength development. The
presence of Mg in the geopolymer, on the other hand, hindered the geopolymers’ abil-
ity to gain strength. This has disrupted the Ca-Si-O-backbone Al structure, reducing
the geopolymers’ ability to produce strength.

2. Geopolymers reinforced by nylon66 fiber exhibit negative data. The interfacial connec-
tion between the matrix and fiber is weak due to the plastic’s smooth or hydrophobic
surfaces, and the fiber cannot stop the spread of cracks in geopolymers. However,
some geopolymer matrix spaces containing plastic fibers fill the spaces between fly ash
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particles with beads to provide interlocking strength and contribute to good strength.
More than 0.50% fiber insertion disrupts the CASH bonding in the geopolymer matrix
and reduces its compressive strength.

3. Solid to liquid ratio 2.0, alkali activator 2.5, and 12 M NaOH alongside the aggregate
ratio were found to be an optimized combination for the mixture process and molding.

4. NFRGC results show that 0.5% fiber addition yields the best results for 28 days
(67.7 MPa) and 90 days (70.13 MPa). Due to the development of the geopolymer
itself, 90 days NFRGC shows better data than 28 days. In addition, the properties
of geopolymers are affected by their curing time. Figure 7 also shows evidence that
increasing the volume of fiber increases energy absorption, which aids in the reduction
of crack propagation and fracture before they fracture. The ICPB diamond-shaped
nylon66 fibers helps to control crack propagation and reduce crack or fracture on the
NFRGC by holding the aggregate and matrix together.

5. For the NFRGC, 0.5% was concluded to be the optimum addition due to the flexural
strengths obtained for 28 days and 90 days (4.43 MPa and 4.99 MPa, respectively).
Addition of plastic fiber at excess of 0.5% reduces the flexural strength. Short fiber
showed a small contribution to the compressive and the young modulus of fibers
but improve the energy absorbed, based on Figure 9, the comparison between GPC
and NFRGC during the flexural test. Due to the higher volume of fiber friction, GPC
fractures at the first crack and NFRGC fractures at the final crack. The dominant mode
of fracture for nylon66 fibers is no pull out.

6. Based on Figure 9, the contribution of additional fiber improves the crack propagation
and slows the fracture process by changing the process from major to minor crack
propagation.

7. The water absorption of geopolymer concrete increased as fiber additions increased.
The highest water absorption was obtained for geopolymer concrete with the addition
of plastic fibers at 2.0% (0.057), and the lowest was obtained at 0.5% with a value
of 0.032. This is due to a decrease in workability caused by the addition of nylon66
fibers, which resulted in an increase in pore formation. Water absorption is low in
comparison to 0.5% and plain GPC. When comparing water absorption between 0.5%
addition and plain GPC, a small range was found, but a larger range was observed
when comparing to other volume fiber ratios. This is due to the variety of fiber shapes
available, including cylindrical and diamond, as well as the uncontrollable fiber
arrangement inside the geopolymers, which resulted in variations in water absorption.
Furthermore, since nylon66 fiber is resistant to corrosion, it did not significantly affect
the NFRGC.

8. The slump of geopolymer concrete with nylon66 fiber addition decreased as the plastic
fiber additions increased. Increasing the fiber content increases the difficulty of relative
movement between the coarse aggregates and motion of the mixture, resulting in less
workability and flow. The main point is that ICPB diamond-shaped fiber contributes
to low workability and a higher viscosity of the NRGPC, and holds the aggregates,
giving high resistance in moving the mixture.

9. The change in density value with the addition of fiber in geopolymer concrete does
not reveal any discernible trend in which the density rises, because the fiber also has
its own density, which may lead to an increase of density of NFRGC.

10. There needs to be more study in these fibers with different materials and dimensions.
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Abstract: In this study, ground glass powder and crushed waste glass were used to replace coarse
and fine aggregates. Within the scope of the study, fine aggregate (FA) and coarse aggregate (CA)
were changed separately with proportions of 10%, 20%, 40%, and 50%. According to the mechanical
test, including compression, splitting tensile, and flexural tests, the waste glass powder creates a
better pozzolanic effect and increases the strength, while the glass particles tend to decrease the
strength when they are swapped with aggregates. As observed in the splitting tensile test, noteworthy
progress in the tensile strength of the concrete was achieved by 14%, while the waste glass used as a
fractional replacement for the fine aggregate. In samples where glass particles were swapped with
CA, the tensile strength tended to decrease. It was noticed that with the adding of waste glass at 10%,
20%, 40%, and 50% of FA swapped, the increase in flexural strength was 3.2%, 6.3%, 11.1%, and 4.8%,
respectively, in amount to the reference one (6.3 MPa). Scanning electron microscope (SEM) analysis
consequences also confirm the strength consequences obtained from the experimental study. While it
is seen that glass powder provides better bonding with cement with its pozzolanic effect and this has
a positive effect on strength consequences, it is seen that voids are formed in the samples where large
glass pieces are swapped with aggregate and this affects the strength negatively. Furthermore, simple
equations using existing data in the literature and the consequences obtained from the current study
were also developed to predict mechanical properties of the concrete with recycled glass for practical
applications. Based on findings obtained from our study, 20% replacement for FA and CA with waste
glass is recommended.

Keywords: eco-friendly concrete; waste glass; crushed; powder; hardened; fresh; slump; compressive;
splitting; flexural; equation

1. Introduction

In proportion to the increasing urbanization in the world, raw material resources are
decreasing and industrial wastes are increasing [1–11]. This situation causes serious envi-
ronmental problems. Scientists who are aware of the problem offer various construction
element suggestions in order to consume fewer raw materials and to permanently evaluate
the wastes by the construction industry. Recycling waste materials to utilize in the construc-
tion projects reduces the use and costs of raw materials, even when more than one ton of
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glass is recycled, 1.2 tons of raw materials can be saved [12]. In general, Europe’s glass recy-
cling rate is 71.48%, while Slovenia and Belgium have a high rate of 98%. In Turkey, around
9% of glass waste can be recycled. While 52.9% of glass containers produced in the United
States are disposed of in landfills, 26.63% of glass can be recycled [13]. Recycling glass as
glass again takes time and is costly. Because it is subjected to processes at 1200–1400 ◦C,
in order to get rid of wastes such as dirt and rust from the final product, it needs to be
melted again and a product can be obtained [14]. Reusing waste glass in the production of
glass provides 5–10% economic benefits [15]. However, adding it as aggregate to structural
products, such as concrete, may provide more economic benefits [16–18]. Many recycled
materials are used in concrete by replacing them with cement or aggregates [19–21]. Recy-
cled crushed glass is used in numerous studies around the world as a substitute for CA and
FA for the development of sustainable concrete [22–24]. One of the most important of these
waste materials is crushed waste glass (CWG) in aggregate size. The use of broken glass
particles by substituting aggregates in concrete production is an important and interesting
issue. Since glass does not change its structure when reprocessed, its chemical properties
do not deteriorate and it is very easy to reprocess. Some glass products have a limited
lifespan depending on their intended use. This increases the potential of broken waste
glass particles. This recycling potential needs to be processed quickly [25]. In addition,
the degradation rate of CWG is lower than industrial products, such as plastic, paper, and
rubber. Therefore, the usage of broken glass fragments as a substitute for aggregates in
concrete production will yield impressive consequences [26].

In recent years, much research was conducted on the mechanical properties of CWG
added concretes. The CWG can be substituted for both fine and CAs [27]. The nature
of glass reactivity causes significant effects when added to concrete. For example, some
may cause excessive expansion in concrete when used as 100% of the total aggregate [28].
Studies show that with CWG aggregates, as the rate of change increases, the strength
decreases faster. For example, in a study that used 15−60% substitution, it decreased
the CS by 8% with the addition of 15% CWG, while it decreased the CS by 15% with the
addition of 30% CWG. When this proportion is increased to 60%, the CS decreases by
49% [29]. Singh and Siddique, in their study, by replacing 10–50% CWG with FA, found
that the strength decreased as the CWG proportion increased. However, when CWG was
used with methacholine, they discovered that the strength improved as the methacholine
addition increased [26]. This result shows that additional reinforcing materials can be
added to increase the mechanical properties of the concrete whose environmental impact
is increased with CWG. Harrison et al. used fine glass particles by substituting cement
and FA in certain proportions in hopes of benefiting the mechanical properties of concrete.
According to the consequences obtained, the cement preserves its mechanical properties
when CWG particles are added up to 20%, but when the additions of 30% and above cause
insufficient CaCO3 in the cement, the mechanical properties are adversely affected. It was
also found that with the change in FA conservative, its mechanical properties are up to
20% substitution [27]. It was confirmed in some studies that the CS of concrete increases as
the size of CWG particles is substituted with aggregate decreases. In their study, Shi et al.
observed that finer glass particles improved the 28-day CS of concrete more than larger
ones [30]. Chen et al., on the other hand, found that finer-ground glass particles performed
better with similar behavior in 7-day and 28-day concrete CS [31]. Khmiri’s et al. found
that with up to 20% cement replacement, CWG ground up to 20 μm improved the late
mechanical properties of concrete, while 40 μm CWG reduced the CS [32]. Letelier and
Al-Hashmi found that 38 μm CWG had optimal mechanical properties at 20% cement
substitute (by weight). In another study, it was revealed that 38 μm CWG had optimal
mechanical properties at 20% cement replacement (by weight). It was determined that 10%
and 30% substitutions gave consequences close to the reference sample [33]. Mostofinejad
et al., examining 30% of cement by weight for ground CWG, found that the replacement
had a strength reduction of 40% and 42%, respectively [34]. Tamanna et al. used 3000 μm
CWG by replacing 20%, 40%, and 60% coarse sand. As a result of the 7, 28, and 56-day
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compressive strength (CS) and flexural strength (FS) tests, they discovered that the 20%
substitution gave good consequences, while the 40% and 60% substitution had negative
effects on the CS and FS [35]. Penacho et al. investigated the effects of replacing 20%,
50%, and 100% CWG with FA on the mechanical properties of concrete. As a result of the
analysis, he found that samples with higher sand substitution for fine CWG gave a greater
strength increase. The increase in strength is related to the positive effect of pozzolanic
reaction with the fine glass particles [36]. Lee et al. investigated the size effect of glass waste
on the mechanical properties of concrete. As a result of the research, they found that the CS
was better in samples consisting of particles smaller than 600 μm [37]. Corinaldesi et al.
performed tests by replacing glasses with glass particles smaller than 36 μm, 36–50 μm,
and 50–100 μm with aggregate. They performed compressive and FS tests at 180 days to
study the influence of particle size. As a result of the observation, they found that the
CS decreased at 30% FA substitution. However, at the 70% substitution proportion, they
found that 50–100 μm samples showed milder increases over the reference sample [38].
Tejaswi et al. In a study they conducted, they found that replacing 20% by weight of CWG
with FA gave a result close to the control sample, but replacing 10%, 30%, 40%, and 50%
lowered the CS [39]. Batayneh et al. reported that replacing the CWG with the addition
of fly ash increased the CS; however, they revealed that it did not change the splitting
strength [40]. With a similar statement, Gerges et al. found that the rate of substitution
of fine glass with sand had little effect on the compressive, splitting stress, or flexural
strengths of concrete [41]. As a result of their study, Mohammed and Hama determined
that when glass is added to concrete alone, it improves properties, such as CS, FS, and
splitting tensile strength (STS). Compared to the reference sample, an increase of 14.12%,
1.7%, 6.01%, 52.63%, and 57.32% was observed in elastic modulus, energy capacity, and
bond strength, respectively [42]. In a study by, Asa et al., it was found that the concrete
to which 5% and 20% glass fragments were added led to a decrease of 3.8–10.6 percent
and 3.9–16.4 percent, respectively, in the CS and tensile strength at the end of the 21st day,
but the use of mineral additives changed the properties of the mixtures. They found that
it improved after 7, 14, and 21 days of testing [25]. Walczak et al. used cathode ray tubes
glass instead of sand, and they found that the compression strength increased about 16%
and the bending strength increased about 14% [43].

Though several investigations were performed on this topic, as presented in above,
there were changes in the consequences gained from the literature. Therefore, there is
still a necessity to examine the mechanical productivity of concrete with the fractional
replacement of CWG, and the perfect amount of it. For this purpose, an investigational
study was performed on some investigation samples. The effects of different production-
based features of concrete with different amounts of crushed CWG as replacement of
aggregates were studied. More importantly is that empirical equations are developed to
predict the capacity of concrete with CWG, considering both the literature and the data
obtained from the experimental study.

2. Experimental Program

To amount the mechanical belongings of the concrete with recycled CWG, different
mixtures were cast. Eight different mixtures were chosen. Four of them were considered
for FAs and rest of them were considered for CAs. Four different proportions of 10%, 20%,
40%, and 50% were selected (Table 1). CAs with a size of 5–13 mm were utilized while
FAs with sizes of 0–4 mm were utilized. FA represents FA replacement and CA represents
CA replacement. CWG was collected from Akcihan Glass, Istanbul, Turkey, involving
a waste window glass (soda lime glass). The size of fine glass is a combination of glass
with an equal amount of 1.7–4 mm and 100–200 micron, while the size of coarse glass is a
combination of glass with an equal amount of 9–12 mm and 5–8 mm.
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Table 1. Different mixtures of the concrete with recycled glass.

REF. SAMPLE Without Glass

CA10% 10% CA was swapped with waste coarse waste glass
CA20% 20% CA was swapped with waste coarse waste glass
CA40% 40% CA was swapped with waste coarse waste glass
CA50% 50% CA was swapped with waste coarse waste glass
FA10% 10% FA was swapped with waste fine waste glass
FA20% 20% FA was swapped with waste fine waste glass
FA40% 40% FA was swapped with waste fine waste glass
FA50% 50% FA was swapped with waste fine waste glass

In the mixture, CEM 32.5 Portland cement was utilized. Water-to-cement proportion
was selected as 0.5. The proportion of fine to CAs was selected as unity. The proportion of
cement to total fine and CAs was selected as 0.2. Figure 1 shows slump test consequences of
each mixture. The highest slump value was observed in the reference mixture. Adding re-
cycled glass in concrete reduced slump value. Replacing aggregate resulted in a significant
decrease in workability, especially after 20%. This is because glass particles have sharper
and irregular geometric forms than sand particles, which can cause high friction, resulting
in less fluidity [44]. Moreover, the binder effect of glass powder in FA replacement reduced
workability even more than replacement of CA.

0 2 4 6 8 10 12 14

REF
FA10%
FA20%
FA40%
FA50%
CA10%
CA20%
CA40%
CA50%

Slump (cm)

Figure 1. Slump test.

3. Experimental Consequences and Discussions

3.1. Compressive Strength (CS)

Figure 2 demonstrates the CS test consequences at a 28-day period formed with
100% reference and numerous proportions of CWG of fine and CA exchanging reference
aggregates. As recognized in Figure 2, in the midst of the low CWG proportion, the CSs of
concrete mixtures with CWG consumption as a replacement for FA were greater than those
of the consistent concrete mixes lacking CWG. As presented in Figure 2, fine and CA for
10%, 20%, 40%, and 50% (FA10%, FA20%, FA40%, FA50%, and CA10%, CA20%, CA40%,
and CA50%) were exchanged with CWG; this inclination was reversed while fractional
replacement of CA with CWG decreased the CS of concrete. Statistical examination of
specimen consequences indicated the important proceeds of CWG (as FA was swapped
with CWG) to the CS of concrete. As the evaluation of the FA is swapped with CWG
powder, the CS of FA10% (10% FA were swapped with CWG) is 1% greater than that of
reference concrete. Similarly, the CS of FA20% (20% FA were swapped with CWG) is 9%
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greater than that of FA10%. At the evaluation of CS of FA40% (40% FA were swapped with
CWG) is 6.2% larger than that of FA20%. Lastly, at the evaluation of CS of FA50% (50%
FA were swapped with CWG) is 5.2% greater than that of FA40%. While compared with
reference concrete, the CS of FA50% (50% FA were swapped with CWG) is comparable with
that of reference concrete. The evaluation of CS of FA50% (50% FA were swapped with
CWG) is 12% greater than that of reference concrete. The increase in the capacity with FA
can be explained with the use of glass powder since the glass powder has a binder effect.
Alternatively, at the evaluation of CS of CA10%, CA20%, CA40%, and CA50% (CAs were
swapped with CWG), the CS test consequences for the great CWG proportion downgraded
trends comparable to those for the small CWG proportion. In this case too, the CS of CA10%
is 27% larger than the corresponding mix (CA50%). While CA was swapped with CWG,
a remarkable downgrade in strength was detected when compared with the reference
concrete and FA50%. This decrease in CS can be explained by two reasons. One of the
reasons is that glass waste has a smooth surface compared to normal aggregates, which
causes a decrease in the bond among the particles and the cement matrix, and the decrease
in CS increases as the glass percentage increases. The second reason is that the absorption
of CWG is less than normal aggregates, and this causes higher slump values. For this
reason, there is an extra amount of free water that evaporates, leaving a little more space,
which causes a decrease in CS [45].
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Figure 2. Consequences of CS.

3.2. Splitting Tensile Strength (STS)

An evaluation of the relation STS of the numerous concrete proportion mixtures made
with the reference, and several proportions of recycled aggregate replacing FA with and
without CWG and CA, which were swapped with CWG, is presented in Figure 3. As
presented in Figure 3, the consequences of STS generally follow a similar trend as the
CS. As detected from Figure 3, the significant progress in STS of concrete is up to 13%,
with CWG used as fractional replacement for FA. The reason for this can be shown as
the progress of hydration, decreased permeability of glass-mixed concrete, good bond
strength among the glass aggregate, and the surrounding cement paste due to the irregular
geometry of the glass. The pozzolanic reaction may also offset this trend at a later stage
of hardening and help improve the STS at 28 days [44]. Upon changing the amount of
CWG, outcomes of tensile strength are affected correspondingly to the CA. This decrease
in strength can be explained due to the surface structure of CWG. Similar results were also
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observed by others [45–47]. As presented in Figure 3, tensile strength optimum values are
established at 40% CWG, requiring maximum distributed tensile. The correlation of CS
in competition with STS is provided in Figure 4. As presented in Figure 4, the regression
model among the CS and STS is performed to be flat. Additionally, as detected in Figure 4,
the regression stroke characterizes a strong relationship among CS, compared with STS
needing an R2 worth of more than 92%.
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Figure 3. Consequences of STS.
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Figure 4. Splitting tensile strength variation versus compressive strength.

3.3. Flexural Strength (FS)

FS of investigational specimens were recognized on specimens after CST. The assim-
ilated types of strength alternated among 5.2 MPa and 7.0 MPa. The result of the FS of
the specimens is offered in Figure 5. In Figure 5, FS with different proportions of CWG is
shown. It was noticed that with the addition of CWG at 10%, 20%, 40%, and 50% of FA
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swapped, the increase in FS was 3.2%, 6.3%, and 11.1% and 4.8%, respectively, in percentage
to the reference sample (6.3 MPa). This could be dedicated to pozzolanic reactions, which
accelerate with time, and offset the hardening process and aid the increase in FS [44]. A
related behavior was also described by Shehata et al. [48]. It must be noted that higher
CWG replacement may have an opposing effect on the FS [48]. Figure 6 shows a rectilinear
relationship among the tensile FS of the example and the substance of the CWG addition.
Alternatively, if FAs were swapped with CWG, it was observed that the increase in FS was
11.1%, respectively, in amount to the reference sample (6.3 MPa). However, if the amount of
CWG is employed in relation to the CA contented, it may be noticed that the FS and CWG
contented are associated (Figure 6)). This can be attributed to the change in the interfacial
transition zone properties of the glass-containing mixtures [49]. Additionally, as detected in
Figure 6, the regression shows a good relationship among FS contrasted with CWG having
an R2 worth of more than 95%.
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Figure 5. Consequences of FS.

Figure 6. Consequences of tensile FS tests of concrete examples with changed CWG substances.
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4. Scanning Electron Microscope (SEM) Analysis

SEM investigation was achieved with samples taken from some samples of this experi-
mental study. The images are magnified 500 times to show the interaction among binder
materials and aggregates. In SEM analysis, there are images of two different mixtures. The
first four are images of concrete samples containing only CGW, and the last four are images
of samples containing both CGW and glass powder. Figure 7a shows the situation where
CGW is swapped by aggregate. It is seen that the glass pieces, in the range of 4–9 mm, are
homogeneously dispersed in the homogeneous concrete by providing good compatibility
with the cement binder. Figure 7b shows the slightly larger and closer state glass particles
dispersed in the concrete and their harmonious positions. In Figure 7c, it can be said that
the interface among the glass piece and the binding cement remains in a discrete form.
Figure 7d shows that gaps and holes are formed in some regions. This problem can be
eliminated with better compression and vibration. Glass powder makes a good pozzolanic
effect because it has a higher specific surface area than cement [30,50]. It can be seen
in Figure 7e that the binding property of the CWG powder cement and the pozzolanic
property of the glass powder results in good bonding. Etringite formation is an important
issue in Portland cement concretes due to early phase hydration [51,52]. Although the
hydration of glass powder and cement show similarities, some ettringite formation is seen
in Figure 7e. While the samples were being prepared, a good mixing in the mixer ensured
the homogeneous distribution of the additional powder particles. Although a very small
part was examined in the SEM analysis, the compressive and FS consequences show a
homogeneous distribution among homogeneous binders with an increasing productivity
in the range of 10–40%. Figure 7f shows the standing of small and large CGWs in concrete.
While there is a line among the large particle and the cement, it is seen that the smaller
piece of glass has a better bonding with the cement. It is stated that the use of glass particles
as aggregate can increase cracks and voids, and this will cause a decrease in strength [53].
Figure 7g shows the distribution of glass powders and small glass particles in the concrete.
It can be said that the use of both CWG together for concrete is a good match. In Figure 7h,
it is seen that there are gaps and holes in places. These can be considered as mini problems.
It is stated in some studies that glass powder with finer particles has a high pozzolanic
effect and provides better strength in concrete. The consequences obtained confirm the
statements in the literature [53–56].

Figure 7. Cont.
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Figure 7. Consequences of SEM analysis.

5. Evaluation of Current Findings with Previous Studies

Since it has the potential to be preferred as aggregate in concrete mixture, the effect of
CWG on engineering properties was examined by many investigators. CWG were used as
either FA or CA replacement in concrete. To develop empirical equations, strength values
(CS, STS, and FS) for plain concrete and concrete formed from CWG were collected from
previous experimental studies [28,29,33,35,39,40,44,46,47,57–80]. The obtained strength
values of concrete formed with CWG (f ) were primary regularized by the strength value
of concrete without glass (f ′). These normalized strength values (f /f ′) were then shown as
a function of different replacement proportions. The changes in the normalized strength
values were depicted in Figures 8–13.
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Figure 8. Discrepancy of the normalized CS of the concrete formed with CWG as a partial replacement
for CA [39,40,47,58–62,78,79].

Figure 9. Discrepancy of the regulated STS of the concrete formed with CWG as a partial replacement
for CA [40,46,47,60,79].
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Figure 10. Discrepancy of the normalized FS of the concrete produced with CWG as a partial
replacement for CA [40,47,57,79].

Figure 11. Discrepancy of the normalized CS of the concrete formed with CWG as a partial replace-
ment for FA [28,33,44,46,58,63–67,69–74,77].
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Figure 12. Discrepancy of the regulated Splitting tensile strength of the concrete produced with CWG
as a partial replacement for FA [29,35,63,64,69,70,73,80].

Figure 13. Discrepancy of the normalized FS of the concrete produced with CWG as a partial
replacement for FA [29,33,35,44,46,63,64,66,68,75,76,80].
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Considering both our findings and previous studies, an empirical equation was devel-
oped as follows to predict the CS, STS, and FS, respectively:

f =
[
1 + c1 × (WGR) + c2 × (WGR)2

]
× f ′ (1)

where f = strength values to be calculated (fc = CS; fs = STS; ff = FS); c1 and c2 = the
coefficients given in Table 2; WGR: CWG proportion (0 < WGR < 50); and f ′ = strength
values of the plain concrete.

Table 2. The parameters used in Equation (1).

Strength Values (f ) c1 c2

Concrete produced with CWG as a
partial replacement for CA

fc −0.002 −0.00005

fs −0.004 −0.00005

ff −0.006 0.00003

Concrete produced with CWG as a
partial replacement for FA

fc 0.008 −0.00015

fs 0.005 −0.00009

ff 0.007 −0.00012

As presented in Equation (1), engineering properties of concrete formed with CWG
were identified as a function of the quantity of the CWG. The developed expressions for
compressive, flexural, and splitting tensile strength of concrete produced with CWG can be
employed in project phases.

6. Conclusions and Summary

In this study, the effects of different productions based features of concrete with
different amounts of CWG as replacements of aggregates were investigated. For this
purpose, fine and CAs were altered for 10%, 20%, 40%, and 50% (FA10%, FA20%, FA40%,
FA50%, and CA10%, CA20%, CA40%, and CA50%). Penetrability and slump properties of
produced concrete samples were also examined. Then, CS, STS, and FS of the produced test
examples were investigated. Furthermore, SEM analyses were also performed to compare
the strength consequences obtained from the experimental study. These specifications were
then compared with those of reference concrete. Lastly, practical equations were derived
to easily estimate the CS, STS, and FS of produced concrete samples. Considering our
findings, the following consequences can be obtained from this study:

According to the slump test consequences, while the slump value reduces, the quantity
of CWG rises. In other words, the workability of concrete reduces when the rate of glass
powder as replacement for aggregates increases.

In this study, fine and CA for 10%, 20%, 40%, and 50% (FA10%, FA20%, FA40%, FA50%,
and CA10%, CA20%, CA40%, and CA50%) were exchanged with CWG, and this tendency
was inverted while fractional replacement of CA with CWG decrease the CS of concrete. In
other words, while CA was swapped with CWG, a remarkable downgrade in strength was
detected when compared with the reference concrete.

As mentioned above, the consequences of STS generally follow a similar trend as the
CS. The significant progress in STS of the concrete is up to 13% with CWG used as fractional
replacement for FA. Upon changing the quantity of CWG, consequences of STS are affected
correspondingly to the CA.

While aggregates were swapped with CWG, there was an increase in the FS values up
to a certain value of the quantity of the CWG. It was observed that with the addition of
CWG at 10%, 20%, 40%, and 50% of FA swapped, the increase in FS was 3.2%, 6.3%, and
11.1% and 4.8%, respectively, compared to reference concrete sample.

From the SEM analyses, it can be observed that the use of both CWG together for
concrete is a good match. Furthermore, similar to the studies in the literature, it is also
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shown in this study that glass powder with finer particles has a high pozzolanic effect and
provides better strength in concrete.

The developed empirical equations for the CS, STS, and FS are quite general and they
have the potential to be implemented into design guidelines of the concretes with CWG.

The use of 20% replacement for fine and CA with CWG is recommended, considering
both workability and strength.
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4. Karalar, M.; Bilir, T.; Çavuşlu, M.; Özkılıç, Y.O.; Sabri, M.M.S. Use of Recycled Coal Bottom Ash in Reinforced Concrete Beams as
Replacement for Aggregate. Front. Mater. 2022, 675, 1064604.

5. Farhan Mushtaq, S.; Ali, A.; Khushnood, R.A.; Tufail, R.F.; Majdi, A.; Nawaz, A.; Durdyev, S.; Burduhos Nergis, D.D.; Ahmad,
J. Effect of Bentonite as Partial Replacement of Cement on Residual Properties of Concrete Exposed to Elevated Temperatures.
Sustainability 2022, 14, 11580. [CrossRef]

6. El-Mandouh, M.A.; Hu, J.-W.; Mohamed, A.S.; Abd El-Maula, A.S. Assessment of Waste Marble Powder on the Mechanical
Properties of High-Strength Concrete and Evaluation of Its Shear Strength. Materials 2022, 15, 7125. [CrossRef]

7. de Azevedo, A.R.G.; Marvila, M.T.; de Oliveira, M.A.B.; Umbuzeiro, C.E.M.; Huaman, N.R.C.; Monteiro, S.N. Perspectives for the
application of bauxite wastes in the development of alternative building materials. J. Mater. Res. Technol. 2022, 20, 3114–3125.
[CrossRef]
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Abstract: Self-consolidating concrete (SCC) has been used extensively in the construction industry
because of its advanced characteristics of a highly flowable mixture and the ability to be consolidated
under its own weight. One of the main challenges is the high content of OPC used in the production
process. This research focuses on developing sustainable, high-strength self-consolidating concrete
(SCC) by incorporating high levels of supplementary cementitious materials. The overarching
purpose of this study is to replace OPC partially by up to 71% by using fly ash, GGBS, and microsilica
to produce high-strength and durable SCC. Two groups of mixtures were designed to replace
OPC. The first group contained 14%, 23.4%, and 32.77% fly ash and 6.4% microsilica. The second
group contained 32.77%, 46.81%, and 65.5% GGBS and 6.4% microsilica. The fresh properties were
investigated using the slump, V-funnel, L-box, and J-ring tests. The hardened properties were
assessed using a compressive strength test, while water permeability, water absorption, and rapid
chloride penetration tests were used to evaluate the durability. The innovation of this experimental
work was introducing SCC with an unconventional mixture that can achieve highly durable and
high-strength concrete. The results showed the feasibility of SCC by incorporating high volumes of
fly ash and GGBS without compromising compressive strength and durability.

Keywords: self-consolidating concrete; SCC; fly ash; GGBS; microsilica; sustainable concrete; high
strength; durability

1. Introduction

Self-consolidating concrete (SCC) was invented in 1980 as a promising solution to
cast concrete for structures with dense reinforced formwork sections [1,2]. Technically,
SCC can be placed and consolidated in congested reinforced sections under its weight and
flow around reinforcement by improving filling capacity. The cohesiveness of the concrete
obtained from optimized mixture design and proper handling of concrete during pouring
facilitates casting concrete without segregation and bleeding [1,3–7]. In addition, the char-
acteristics of SCC provide more technical solutions by eliminating vibrating equipment,
reducing noise pollution, and lowering labor costs and construction time. Applying SCC in
the construction industry showed more positive aspects, such as reduced labor associated
with lower human risk in construction sites. From the microstructural point of view, the
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proper mixture design of the SCC improves the interfacial transition zone (ITZ) between
aggregate, reinforcement, and bulk cement paste, which enhances durability by decreasing
permeability [2,7–9]. Given all the advantages of SCC in practice, emphasis has been placed
on optimizing its constituent composition by incorporating supplementary cementitious
materials (SCMs). Moreover, emphasis has been placed on investigating the effect of the
water-to-binder ratio in the mixture design with the use of chemical admixtures such as
superplasticizers and viscosity-modifying admixtures. SCMs and mixture design with the
type of applications collectively affect SCC’s fresh and hardened properties [10–12]. How-
ever, with the increasing global trend towards sustainable development in construction,
more research is indispensable to reduce the high content of Portland cement used in SCC
production. SCC cost was considered one of the major drawbacks in the production process
due to the high content of the OPC utilized in the mixture [13]. It has been estimated that
cement production was 4100 million tons [14]. The production process of Portland cement
releases at least 930 kg/ton of carbon dioxide into the atmosphere [15], which is considered
one of the main challenges that many countries have targeted by adopting long-term mea-
sures to minimize CO2 emissions [16]. Furthermore, consuming natural resources for the
constituent components of concrete exerts a considerable impact annually that jeopardizes
sustainability. Due to the increasing population worldwide and rapid urbanization, there is
global demand for Portland cement, which augments a massive demand in the construction
industry for infrastructural development [17]. Therefore, inspecting more sustainable and
environmentally friendly construction materials is crucial in developing advanced concrete-
tech binders. Developing green concrete by incorporating SCMs such as fly ash, GGBS,
and microsilica is a promising solution for producing environmentally friendly concrete
by reducing mixtures’ OPC quantity and lowering CO2 emissions [18–22]. The SCMs
have long-lasting effects on the environment because of their nature as non-biodegradable
waste materials. Incorporating pozzolanic materials can improve concrete durability and
increase the life span of the structures by reducing the required maintenance and repair in
addition to cement reduction [23,24]. The most commonly used SCMs for replacing OPC
in SCC are ground granulated blast furnace slag (GGBS), fly ash (FA), silica fume (SF),
and Microsilica (MS) [25–27]. Fly ash, GGBS, and microsilica are by-products generated
from different manufacturing processes and are not produced intentionally. The SCMs
have been used as essential constituents to enhance concrete performance and durability
when exposed to different aggressive environments [28,29]. Previously, fly ash, GGBS,
and microsilica have been applied to replace OPC partially in SCC to enhance fresh and
hardened properties and reduce its carbon footprint owing to the high content of binder
used in its mixture design [30–33]. This technique was intended to lower CO2 emissions
associated with OPC production and improve concrete durability [34–36]. Moreover, it is
intended as a method to enhance the environment by applying a green combined binder
with sustainability in addition to the durability factor [37]. However, increasing the cement
replacement level while maintaining the engineering properties and the durability of SCC
is still challenging [38]. Previously, it has been found that 10% silica fume and 10% GGBS
gave the best results for the durability and mechanical properties in SCC; however, the
recommendations were that 6% silica fume and 8% GGBS should be incorporated as a
partial replacement for the OPC separately for better performance [39]. A silica fume to
OPC ratio was used in three different percentages (4.85%, 10.5%, and 14%) to produce
SCC; however, a better mechanical performance was exhibited in comparison to the normal
vibrated concrete [40]. Zhao et al. [41] incorporated 20–40% FA as a partial replacement for
OPC to investigate its performance in SCC and concluded that a decrease in mechanical
properties was registered at 7 and 90 days in both mechanical properties. In another study,
Liu [42] investigated the substitution of FA as a partial replacement for cement to study its
effect on SCC. The research showed a decrease in compressive strength as FA increased
from 20% to 80%. The results showed that 40% replacement with FA revealed insignificant
compressive strength loss. Siddique’s results [43] also showed that up to 35% replacement
with FA in SCC resulted in compressive strength reduction as well as split tensile strength.
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Replacing cement with FA was investigated by Uysal and Sumer [44]; they concluded that
FA up to 25% may result in more developed compressive strength compared to the 100%
OPC SCC. Previous studies investigated the influence of silica fume and fly ash on the
performance of the SCC. Cement was replaced with 10% SF and 30% FA, and the results
showed an improvement in the compressive strength [45]. The impact of GGBS and SF on
SCC compressive strength was determined after replacing the cement with 30%, 50%, 65%,
and 80% GGBS. SF was incorporated with 50% GGBS in three percentages, 5%, 10%, and
15%. The study showed that SF has a recognized impact on compressive strength when
used with 50% GGBS [46]. In another study, SF was incorporated as a partial replacement
for OPC up to 25%. The results showed an enhancement in tensile strength, whereas a
decrease in compressive strength was registered; however, researchers concluded that no
more than 5% SF may be used as an enhancement factor in SCC [47]. Micro- and nanosilica
were investigated as replacements for OPC in high-performance SCC, and the results
showed the dominancy of nanosilica in its effect on the strength properties due to its high
reactivity. It is concluded that particle size distribution with a wider range may create low
porosity and low water demand and enhance packing density [48]. Higher resistance of
sorptivity characteristics of SCC was registered when combined with FA and SF; however,
partial replacement of OPC with only 20% FA showed a reduction in sorptivity [49].

In general, fewer and limited studies have been performed regarding the durability
of the SCC with the maximum amounts of binary blended replacement of OPC by SF and
GGBS; moreover, fewer studies have been conducted to investigate the durability of SCC
using SF and FA. In the present experimental investigation, this study investigates up to
70% cement replacement with binary mixtures of microsilica, fly ash, and GGBS yet aims
to maintain the engineering properties of SCC for infrastructure applications. Essentially,
the novelty in this work is the sustainable mixture design associated with high-strength
and durable SCC with high content of SCMs as a partial replacement for cement. This
research will achieve two significant goals: the first one is the sustainability of SCC as a
high-strength building material, and the second one is the advanced durability which will
provide protection against an aggressive environment. Two groups of SCCs were designed
to study fresh properties such as flowability and viscosity, in addition to compressive
strength as the hardened property. In order to evaluate SCC durability and service life [50],
a water absorption test, water permeability test, and chloride ion penetration test were
applied. The first group of mixtures contained a binary system with up to 38.74% low
calcium fly ash having 0.12 CaO/SiO2 in addition to the microsilica. The second group
contained GGBS at up to 71.16% having 1.33 CaO/SiO2 in addition to the microsilica.
Microsilica was incorporated in a constant quantity of 30 kg/m3 in all mixtures, which
is equal to 6.4%. The main objective of the current work is to confirm the possibility of
producing high-strength and durable SCC by incorporating a high percentage of SCMs as a
partial replacement for OPC.

2. Materials and Methods

This study used ordinary Portland cement with 42.5 N grade in compliance with BS EN
196 [51] and standard BS EN 197–1:2000 CEM I [52]. The chemical and physical properties
of OPC are shown in Tables 1 and 2. The supplementary cementitious materials were
ground granulated blast furnace slag GGBS complies with the BS EN 15167–1:2006 [53]S,
Indian low calcium fly ash (FA), and microsilica (MS). Microsilica (MS) was used in a
constant quantity (30 kg/m3) in all mixtures. Tables 3 and 4 show the chemical analysis
for all SCMs and the residue on 45 micron sieve, respectively. Polycarboxylate high-
range superplasticizer (HRSP) type F and G [54,55] compatible with the ASTM C494 and
BSEN [55,56] was used to produce SCC. It is a high-performance concrete superplasticizer
based on modified polycarboxylate ether, and it has a unique carboxylic ether polymer with
long lateral chains. The superplasticizer, an effective cement dispersant and high-range
water reducer, was used to fix constant water content and control flow in all mixtures.
In addition to that, it can produce high-flowing concrete without segregation, high early
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strength, and high workability with lower water content and lower permeability. It is a
high-range superplasticizer that can be used for ready-mix concrete, self-consolidating
concrete, precast concrete, and underwater concreting. Moreover, it is used for concrete
containing microsilica, GGBS, and fly ash with extremely low w/c [57]. Polycarboxylate
high-range superplasticizer (HRSP) was used for the admixture in this research.

Table 1. OPC physical properties.

Physical Properties Specification Results

Fineness (Air Permeability) - 3280 cm2/gm
Initial setting time ≥60 205 Minutes
Final setting time 265 Minutes

Compressive Strength—2 Days ≥10 25.05 MPa
Compressive Strength—7 Days - 40.22 MPa
Compressive Strength—28 Days ≥42.50 and ≤62.50 53.77 MPa

Table 2. OPC chemical analysis.

Parameter C3S C2S C3A C4AF

Results 57.37% 13.83% 6.82% 11.32%

Table 3. Chemical composition for cementitious materials.

Chemical
Composition %

SiO2 Al2O3 Fe2O3 CaO MgO TiO2 SO3 Cl Na2O K2O L.O.I

GGBS 31.27 13.34 0.64 41.55 6.90 0.98 0.11 0.01 - - -
FA 47.78 29.74 5.2 5.57 3.20 1.99 0.63 - 0.97 0.96 2.42
MS 92.38 - - - - - - - 0.46 - 5.01

Table 4. Residue on 45 micron sieve for cementitious materials.

GGBS 1.78%

FA [58] 13.30%
MS 2%

In order to overcome the problem of natural fine sand shortage, a mixture of fine
washed sand and dune sand was used as part of the concrete ingredients in all mixtures.
According to the sieve analysis, the dune sand particle size is 50% passing sieve size with
0.150 mm and 1% passing sieve size with 0.075 mm. Coarse aggregate was used in two
sizes, 20 mm and 10 mm.

2.1. Experimental Program

The experimental program was designed to produce SCC with a high replacement
level of OPC content by incorporating accurate amounts of several combinations of FA with
MS and GGBS with MS. Table 5 shows the mixture proportions used in this experimental
work. Seven SCC mixtures were prepared with a constant water-to-binder ratio (w/b) of
0.33. Different characteristics of SCC were investigated according to the ASTM [59] and
European guidelines [60].
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Table 5. SCC mixture proportions.

Mixture
Code

Mixture
without MS

(%)

Mixture
with MS

(%)

OPC
kg/m3

SCM kg/m3 Aggregate Sand HRSP
kg/m3

Water
kg/m3

FA GGBS MS 20 mm 10 mm Washed Sand Dune Sand

OPC 100%
OPC

100%
OPC 470 0 0 0 331 395 726 386 6.8 155

20.43FAMS 14.0%
FA

20.43%
(FA + MS) 374 66 0 30 338 401 711 374 6.5 155

29.5FAMS 23.4%
FA

29.5%
(FA + MS) 330 110 0 30 336 399 707 372 6.7 155

38.74FAMS 32.77%
FA

38.74%
(FA + MS) 286 154 0 30 335 397 704 370 6.8 155

38.74GGBSMS 32.77%
GGBS

38.74%
(GGBS + MS) 286 0 154 30 339 402 713 375 6.5 155

52.6GGBSMS 46.81%
GGBS

52.6%
(GGBS + MS) 220 0 220 30 338 401 711 374 6.8 155

71.16GGBSMS 65.5%
GGBS

71.16%
(GGBS + MS) 132 0 308 30 337 399 708 373 7.0 155

2.2. Testing Procedures

Fresh properties of SCC were determined by using the slump-flow test to determine
the concrete flowability [59,61] (Figure 1) and V-funnel [62], L-box [63], and J-ring [64]
tests, as shown in Figures 2–4, respectively. SCC viscosity was assessed by measuring
the flow rate using the V-funnel test. The L-box test was used to measure the passing
ability of SCC [2], and the flow spread with passing ability was measured by using the
J-ring test. The durability of SCC was measured by applying different tests that have been
used regularly for standard concrete [20–22]. Water absorption (Figure 5) was determined
according to BS 1881: 122 [65]. Water permeability (Figure 6) was determined according to
BS EN 12390 [66]. The rapid chloride penetration test (RCPT) (Figure 7) was conducted for
all concrete mixtures to measure the electrical conductance and ability to resist chloride ion
penetration. The RCP test was conducted according to ASTM C 1202 [67]. Figure 8 shows
sample preparation.

Figure 1. Slump-flow test.

99



Materials 2022, 15, 7991

Figure 2. V-funnel test.

Figure 3. L-box test.

Figure 4. J-ring flow test.
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Figure 5. Water absorption test device.

Figure 6. Water permeability test device.

Figure 7. RCPT device.

Figure 8. Sample preparation.
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3. Results and Discussion

3.1. Workability
3.1.1. Slump Flow

Figure 9 shows the initial slump flow and the slump retention results for the self-
consolidating concrete mixtures. As can be seen, two periods were chosen to measure a
range of flow of SCC under its weight, initially before casting and 60 min after casting.

In general, the initial slump and 60 min slump results of SCC mixtures with SCMs
were increased in comparison to the reference SCC mixture that was produced with 100%
OPC. The increase in flow is related to the high replacement levels of FA, GGBS, and MS.
The enhancing effect of supplementary cementitious materials on the flowability of concrete
was reported in previous studies [20,68]. This behavior is attributed to the positive effect of
SCM particles because of their high surface area on the packing density of the mixtures
and the lower reactivity of the SCMs compared to the OPC.

FA presented different effects on SCC initial flow compared to the effect of GGBS. As
shown in Figure 9, FA with MS showed gentle concave initial flow and a decrease in the
measurements. Replacement of OPC with 20.43%, 29.5%, and 38.74% FA and MS showed
740 mm, 730 mm, and 720 mm initial flow, respectively. On the other hand, the replacement
of OPC with GGBS showed a sudden increase in the initial flow. As can be seen, 38.74%,
52.6%, and 71.16% GGBS and MS replacement showed 720, 750, and 750 mm initial flow,
respectively. The effect of particle size and the large surface area that was added to the
mixture effectively changed the behavior of the mixtures and the initial slump.

Two periods were applied to measure the slump in this investigation for different
reasons: The first reason was the SCC workability and high-range superplasticizer (HRSP)
dosage compatibility with ingredients having different particle sizes; moreover, the time
tolerance for SCC to be handled and cast was considered. On the other hand, HRSP
admixture was added to the mixture in order to keep the w/b ratio fixed at 0.33. The figure
shows that the dosage was gradually increased with the increase in the replacement ratio
of the cement [69].

Figure 10 shows the gradual increase in HRSP dosage with fly ash and GGBS mixtures.
As can be seen, the admixture dosage was increased gradually, which may be attributed to
the higher specific area of the cementitious materials [70]. Slump and workability showed
that incorporating FA and GGBS in addition to a constant quantity of MS results in almost
converging quantities of HRSP admixture needed to keep a constant water-to-binder ratio
of 0.33. Moreover, it has been reported that MS may increase the water demand in the
concrete mixture due to its very fine smooth spherical glassy particles that provide a high
surface area compared to FA, GGBS, and OPC [71].

 

Figure 9. Slump-flow results for SCC.
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Figure 10. HRSP quantity used in SCC.

Generally, SCC produced with different amounts of supplementary cementitious
materials has shown an acceptable range of slump and workability. Such flow ability may
provide appropriate time for handling and casting the mixture for different applications
and environments. According to the European guidelines for self-compacting concrete,
the slump flow between 660 and 750 mm for SCC mixtures is suitable for many normal
applications such as walls and columns [2,72]. It has been reported that FA and GGBS
show a slow hydration reaction; however, providing sufficient moisture content will
allow the reaction to be continued over a longer period of time. This mechanism will
affect the concrete ability to flow and setting time; moreover, it will affect the strength
development [73].

3.1.2. V-Funnel Test

Figure 11 shows the V-funnel test results for the SCC mixtures produced with FA and
GGBS. As can be seen, the incorporation of FA and GGBS at different replacement levels
registered different rates of flow in the V-funnel test. Mixtures produced with FA and MS
had a lower rate of flow which increased as the percentage of replacement increased in
comparison to the reference mixture. The registered rate of flow was 8, 5, and 4 s for SCC
having 20.43%, 29.5%, and 38.74% FA and MS, respectively. The incorporation of GGBS
showed a different effect in comparison to the reference mixture. As can be seen, there was
an increase in the rate of flow with the increase in GGBS percentage. The SCC mixture with
38.74%, 52.6%, and 71.16% GGBS and MS showed an increase in the rate of flow, which
was 8, 10, and 12 s, respectively. Overall, the V-funnel test can provide an indication of SCC
viscosity by measuring the time required for the mixture to pass the V-funnel. The concrete
viscosity increases with the increase in flow time. The results showed that FA decreased
the concrete viscosity while GGBS increased the SCC viscosity.

According to the European guidelines, SCC with low viscosity will present a very
quick initial flow that will then stop, whereas SCC with high viscosity may continue to flow
over an extended time (creep over) [60]. The results may reflect the ability of the produced
mixtures to show adequate filling capability even with congested reinforcement and the
capability for the mixture to be self-leveled with the best surface finish; however, it has
been reported previously that SCC may suffer from bleeding and segregation [2,8].

In this investigation, based on visual observation during the V-funnel test, mixtures
showed no bleeding and no segregation, which reflects an advanced design and perfor-
mance. The rate of flow showed better times in all mixtures which are lower than 100%
OPC-SCC. It is practical to mention that viscosity is also a critical parameter and is required
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to be measured for SCC where a good surface finish is in demand when reinforcement is
very dense [8].

 
Figure 11. V-funnel results of SCC mixtures.

3.1.3. L-Box Test

Figure 12 shows the passing ability (PA) ratio of all mixtures. For the OPC-SCC
control mixture, the PA ratio was 0.85, which meets the requirements mentioned in the
standards [60]. SCC produced by replacing OPC with FA or GGBS with the constant
amount of MS showed a higher passing ratio. The SCC mixtures showed the ability to
reach equal depths for vertical section height and a horizontal section height of the L-box
container. According to the European guidelines for self-compacting concrete [60], the
conformity criteria for L-box are classified into two classes based on the number of steel
bars installed in the L-box. The first class is PA1 (two bars with 59 mm gap), and the second
class is PA2 (three bars with 41 mm gap). This classification is related to the number of
smooth steel bars (12 + 0.2 mm) installed at the gate of the filling hopper of the L-box used
in this investigation. This test represents the ability of concrete to flow in spaces and pass
through steel reinforcing bars or tight openings without aggregate segregation or blocking;
moreover, it represents the ability of concrete to flow without leaving voids at the time
of casting. European guidelines showed that the passing ability ratio should be ≥ 0.75,
whereas British Standards (BSI) showed that the passing ability (PA) ratio for SCC must
be ≥ 0.8 and should not exceed 1.0. Figure 12 shows that all the SCC mixtures had a passing
ability equal to 1.0 except for SCC with 35% GGBS (PA = 0.9); however, the PA ratio of SCC
with 35% GGBS was higher than the OPC-SCC passing ability ratio. In general, the results
in this investigation showed that the SCC mixtures designed with replacement levels from
20.43% to 71.16% GGBS/FA have the ability to be self-leveled horizontally when placed in
formwork. Moreover, cementitious materials have participated successfully in producing
SCC with an appropriate passing ability, and no segregation or blocking was observed for
the mixtures [2,63].
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Figure 12. L-box test results (passing ability ratio).

3.1.4. J-Ring Test

Figure 13 shows the J-Ring test results expressed to the nearest 10 mm for all mixtures.
In this experimental work, the J-ring test was used to assess SCC passing ability [60,74].
This is crucial to be sure that SCC can flow through spaces between and around congested
reinforcement, through tight openings, and around any other obstructions that might
prevent SCC from flowing during the casting process without segregation, blocking, or
leaving voids. As can be seen from the figure, the spread flow ability of OPC-SCC is
600 mm, whereas all developed sustainable high-strength SCCs showed a higher ability to
flow and spread within the casting process.

The results showed that there was an increase in the flow spread of concrete produced
with binder containing FA and MS. The increase was 15%, 17%, and 17% for SCC produced
by replacing OPC with 20.43%, 29.5%, and 38.74% of the FA + MS system, respectively.
Replacing OPC with high levels of GGBS and MS also showed an increase in the spread
flow ability. The results registered 12%, 15%, and 10% increases in the flow spread for
mixtures produced with 38.74%, 52.6%, and 71.16% GGBS + MS, respectively. Generally,
the test depicted the capability of SCC produced with high levels of replacement to fill
the formwork without segregation or blocking even with congested reinforcement and the
possibility of full compaction based on its weight.

 

Figure 13. J-ring flow mm of SCC mixture.
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3.2. Mechanical Performance
Compressive Strength

Figure 14 shows the compressive strength test results for SCC produced with 100%
OPC and the binary binder system of FA with MS and GGBS with MS as a partial replace-
ment for OPC. The test was conducted at 3, 7, and 28 days of curing, and the average of
three specimens for each test was recorded. As can be seen from Figure 14, the OPC-SCC
mixture had 62.5, 68.1, and 72.6 MPa at the ages of 3, 7, and 28 days, respectively. The
results showed the ability of the mixture design to produce high-strength self-consolidated
concrete at the early and late ages of 3 and 28 days, respectively. Most of the results showed
an increase in strength with the incorporation of FA and GGBS. The increase in strength at
the age of 28 days was 18%, 15%, and 10% for mixtures with 20.43%, 29.5%, and 38.74% FA
and MS, respectively.

Furthermore, the increase in strength at the age of 28 days was 22%, 24%, and 13.4% for
mixtures with 38.74%, 52.6%, and 71.16% GGBS with MS, respectively. It is observed that
there was a slight reduction in strength for all mixtures with the increase in replacement
levels at all ages; however, all mixtures showed high strength results in comparison to
the reference SCC-OPC mixture. In general, the mixture design used in this experimental
work showed the ability to produce high-strength concrete at early ages, meeting advanced
concrete requirements. This may enable the de-molding of work forms and increase the
constructability during the production cycle while maintaining a high sustainability index
due to the high amount of replacement levels. The overall effect of cementitious materi-
als was clear in increasing the strength property by replacing OPC in self-consolidating
concrete [17,75]. It has been reported previously that a reduction in compressive strength
property was registered for binary and ternary mixtures, and that was attributed to the
low content of CaO which may cause a delay in hydraulic reaction [76], whereas, in this
investigation, high-strength SCC was achieved.

The mixture proportions of the binder in this work may be a combination of synergistic
ingredients that can chemically react well, producing a higher concentration of hydration
products. On the other hand, the effect of the dune sand commingled with fine sand may
have filled different size voids in the structure of the paste and aggregate, producing well-
compacted concrete [21]. The results showed that GGBS was able to be used as an effective
replacement material with good homogeneity and high synergy with MS to produce high-
strength self-consolidating eco-friendly concrete despite the high level of replacement. The
incorporated MS was effectively active during the chemical reactions with the presence of
FA and GGBS, producing high-early-strength self-consolidating concrete. MS works as a
booster to continue chemical reactions in the system, generating high-strength concrete at
the age of 28 days. It is like a reactor that works to activate the potential chemical power in
SCMs and react with Ca(OH)2 to form greater quantities of calcium silicate hydrate (C-S-H).
This mechanism may work as a densification factor to fill different voids between paste
ingredients and also fill small spaces between fine particles, thus enhancing the structure
of the SCC by increasing the packing density and producing a denser microstructure.
The synergy between FA, GGBS, and MS previously was reported in [77]. Moreover, the
polycarboxylate high-range water superplasticizer used in this mix design was capable of
accelerating and boosting the chemical reactions, increasing the hydration products.

The homogeneity of the mixed materials for binder production, crushed fine sand,
dune sand, and coarse aggregate was also a vital factor in producing concrete with a density
between 2460 and 2485 kg/m3, as presented in Table 6.

Table 6. Fresh density for SCC mixtures.

Mixture OPC
20.43%
FAMS

29.5%
FAMS

38.74%
FAMS

38.74%
GGBSMS

50.6%
GGBSMS

71.16%
GGBSMS

kg/m3 2490 2475 2480 2460 2485 2470 2470
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The ITZ in normal concrete, which is the space between the binder paste and the coarse
aggregate particles, exhibits lower strength than bulk cement paste, which is attributed
to the gathering of more voids. This weakness is due to the accumulation of bleed water
underneath aggregate particles, resulting in difficulty in packing solid particles near the
surface. This behavior leads to more calcium hydroxide (CH) forming and concentrating in
this region than elsewhere.

In this investigation, 6.4% MS played a sophisticated role at an early age. MS in-
creased the bond strength between the paste and aggregate particles. According to the
ACI Committee 234R-06, MS will react with calcium hydroxide (CH), producing more
calcium silicate hydrate (C-S-H), and it is expected that all CH will be consumed in the
early ages, producing a well-crystallized form of CSH-I. Without the pozzolanic reaction
of the added MS, CH crystals will grow large and tend to be strongly oriented parallel to
the surface of the aggregate particles. CH is weaker than C-S-H, and when the crystals are
large and strongly oriented parallel to the aggregate surface, they are easily cleaved. A
weak transition zone results from the combination of high void content and large, strongly
oriented CH crystals. Microsilica produces a denser structure in the transition zone with a
consequent increase in microhardness and fracture toughness. The presence of MS as part
of the binder in fresh concrete also may reduce bleeding and greater cohesiveness.

 
Figure 14. Compressive strength test results.

Moreover, different fine particles such as dune sand with MS may increase the packing
of the solid materials as mentioned above. This behavior is related to the interlocking
mechanism of the microparticles increasing the packing of solid materials by filling the
spaces between cement and coarse aggregate grains [78]. It has been reported previously
that GGBS can be used at an optimum level of up to 55% [70], whereas in this investigation,
a high compressive strength was able to be produced with a higher replacement level of up
to 71.16%.

3.3. Durability
3.3.1. Water Permeability

Figure 15 shows the water permeability results for all samples exposed to a water
pressure of 500 ± 50 kPa for a period of time extended up to 72 ± 2 h [66]. As can be
seen from the figure, 100% OPC-SCC showed a 3 mm water penetration depth, whereas
improved results showed water penetration resistance by FA and GGBS SCC. The SCC
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with 20.43% FA and MS replacement showed the same permeability as the reference
concrete; however, there was a 67% reduction in water permeability when the replacement
level increased to 29.5% FA and MS. The SCCs with 38.74% FA and MS and 38.74%,
52.6%, and 71.16% GGBS and MS showed zero water permeability. The results with zero
water permeability can be related to the development of the hydration products with the
homogeneous combination of the binder ingredients. The hydration products for FA with
MS and GGBS with MS may be increased due to the pozzolanic reactivity acceleration. The
permeability of concrete is a congregation of the size, shape, distribution, tortuosity, and
continuity of the pores; overall, it is not a simple function. It has been reported previously
that there is a good relation between concrete durability and maximum continuous pore
radius [79]. In this investigation, it is suggested that different particle sizes for the fine sand
with dune sand and large surface area for the particles of the cementitious materials in
addition to the compactness of the hydration produced led to reduced pore size and cut off
pore continuity. The mixture design mechanism priority targeted a great increase in the
packing density by filling the micro- and nanopaste void–pore systems, which reduced the
coefficient of permeability [80–83]. Moreover, the synergistic interaction of FA with OPC
and MS or GGBS with OPC and MS may have refined the pore system generated in the
cement gel that created and developed a very dense and complex structure inhibiting the
penetration of water within the investigated duration of 72 h [84]. Improvement in concrete
permeability may also be related to the superplasticizer effect, which is designed to lower
concrete permeability, in addition to its different advantages with SCC.

 

Figure 15. Water penetration depth of SCC mixtures at 28 days.

3.3.2. Water Absorption

Figure 16 shows the water absorption of SCC mixtures in percentage at 28 days. As
can be seen, the water absorption results for all SCCs produced with SCMs showed lower
results in comparison to the reference OPC-SCC. The water absorption test was performed
according to BS 1881: Part 122 [65] and involved immersing specimens in water for 30 min
after drying according to a certain procedure. It included calculating the increase in sample
mass resulting from full water immersion and expressed as a percentage of the dried
specimen. Replacing OPC with FA or GGBS and 30% MS showed a significant effect on
enhancing the ability of SCC against absorbing water in a sophisticated way. The reduction
in water absorption in mixtures with 20.43%, 29.5%, and 38.74% FA and MS was 33.3%, 40%,
and 40%, respectively; mixtures with 38.74%, 52.6%, and 71.16% GGBS and MS showed
33.3%, 47%, and 53.3% reductions, respectively, as compared to the reference mixture. It has
been reported previously that water may ingress to the surface of unsaturated concrete by
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capillary suction based on the initial water content [85–87]; moreover, capillary adsorption
may be strongly connected to the size distribution of the pores in addition to pore volume
and pore radius. Based on the work of Powers [88], two sizes of pores were identified; the
smaller pores are the gel pores less than 10 nm in diameter working as part of the hydration
products, and the larger pores are the capillary pores that occur due to excess water. In this
investigation, the reduction in water absorption may be related to the synergistic interaction
between supplementary cementitious materials. The hydration products of FA, GGBS,
and water with different quantities of OPC in the presence of MS were developed and
allowed the microsilica to react as any finely divided amorphous silica-rich constituent
in the presence of CH. Calcium ions combined with the microsilica to form extra C-S-H
through the pozzolanic reaction mechanism to produce a well-crystallized form of C-S-H
type I which is formed during early age of curing [71,78]. It has been reported previously
that fly ash and silica fume showed considerable a reduction in volume of large pores
generated in concrete [89]. The same conclusion was reported when mixing silica fume and
GGBS, which showed high early strength and later age strength development that may be
related to the increase in the hydration products that reduced the pore volume size and
structure in the mixture, resulting in reduced water absorption [90].

 

Figure 16. Water absorption of SCC mixtures at 28 days.

3.3.3. Rapid Chloride Penetration Test (RCPT)

The RCPT was applied as quality control and to evaluate SCC chloride penetration.
The evaluation included electrical conductance to provide a rapid induction of the chloride
ion penetration resistance into the SCC. In this test method, according to ASTM standards,
the amount of electrical current passed through 51 mm thick slices of 102 mm nominal
diameter cores of cylinders for 6 h is monitored. Numerical results for the RCPT represent
the total electric charge that can pass through the concrete [67]. It is important to mention
that many factors affect chloride ion penetration, such as type of curing, w/b, the presence
of polymeric admixtures, air-void system, aggregate type, degree of consolidation, and age
of the sample when the test is applied.

As can be seen from Figure 17, the total charge passed through SCC produced with
100% ordinary Portland cement was 2700 coulombs, and this sample is classified as concrete
with moderate chloride ion penetrability as reported previously [67]. In this investigation,
SCC produced with FA and MS as well as GGBS and MS showed an advanced ability to
reduce chloride ion penetrability effectively. Adding supplementary cementitious materials
as a partial replacement for cement was extremely effective in producing SCC with very
low chloride ion penetrability. All the charges passed through concrete samples had results
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between 170 and 340 coulombs, which are lower in an effective level than the result for the
reference OPC-SCC having the same w/b.

 
Figure 17. Total charge passed (RCP) of SCC mixtures at 28 days.

Figure 17 shows that the reduction in the charges passed was 87%, 88%, and 90%
compared to the reference OPC-SSC for SCC mixtures with 20.43%, 29.5%, and 38.74% FA
and MS, respectively. The reduction in charge passed was 90%, 94%, and 94% compared
to the reference OPC-SCC for SCC mixtures with 38.74%, 52.6%, and 71.16% GGBS and
MS, respectively. Because of the diversity and non-homogeneous mixture of materials,
the chloride ion penetration in concrete is a complex process of diffusion; moreover, other
environmental factors are involved in the measurement (e.g., chloride ion concentration
in seawater or structure location). Previously, it has been reported that the penetration
process for chloride ions may be related to the pore system in the body of the concrete.
The ions start the intrusion process into the pore system because of the diffusion process
which will start due to the capillary suction [91]. The addition of SCMs has reduced the
penetration of chloride ions efficiently and lowered ion diffusion ability to a very low level.
This behavior may be attributed to the pozzolanic reaction resulting from the addition
of SCMs which causes pore refinement. This process eventually reduced the concrete
permeability, as shown in Figures 13 and 14, which is also in agreement with the results
of [82]. Combining or incorporating MS in the SCC mixture design as an activation factor
was crucial to accelerate, enhance, and activate the chemical reactions with the presence of
fly ash and GGBS. Microsilica worked as a reactor to activate the potential chemical power
in SCMs and was an effective addition in increasing packing density, producing a denser
microstructure [77].

4. Conclusions

In this experimental study, self-compacting concrete was produced with high replace-
ment levels of OPC by SCMs. The results showed the ability to produce high-strength,
highly durable concrete with a high quality of sustainability by reducing the OPC used in
the SCC. Fly ash and GGBS were used as partial replacement materials with a constant
quantity of microsilica. The following conclusions can be drawn based on the results
registered from the experiments:

• In this investigation, GGBS and MS were able to be used at levels up to 71%. A
sustainable and durable SCC was successfully produced.
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• The high surface area of the SCM particles has increased both the initial slump and
60 min slump for the SCC in comparison to the 100% OPC-SCC. An appropriate
time for handling and casting was registered. Moreover, SCC with high contents of
SCMs showed the ability to be self-leveled with passing ability through reinforcement
without segregation.

• Viscosity for SCC was decreased in mixtures containing fly ash, while with GGBS
the viscosity was increased. The results showed adequate FA-SCC filling ability and
low rate of flow with congested reinforcement, whereas GGBS increased the viscosity
and consequently increased the SCC rate of flow. There was no bleeding and no
segregation, which reflects an advanced mixture design. Flow spreadability was
increased for SCCs with high levels of SCMs, which reflects the ability to flow and fill
congested reinforcement formwork without segregation or blocking. SCC showed a
higher passing ratio based on L-box test results.

• The synergy of high-content MS with FA or MS with GGBS was a clear factor in
producing high-strength SCC. MS worked as a reactor to activate the potential chemical
power in SCMs and react with Ca(OH)2 to form more calcium silicate hydrate (C-S-H).

• The combination of very fine SCMs in SCC showed an advanced interaction producing
very dense cement gel with good compactness for the paste. The result showed
sophisticated water permeability which is related to the effect of the increase in the
hydration products and good compactness of different aggregate sizes and fine sand
particles. Water permeability in SCC concrete was reduced to zero due to the effective
changes in the gel pore system. Water penetration ability was reduced due to the final
hydration products of high replacement levels of SCMs which reduced pore volume
and changed pore structure.
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Abstract: Geopolymers have been intensively explored over the past several decades and considered
as green materials and may be synthesised from natural sources and wastes. Global attention has
been generated by the use of kaolin and calcined kaolin in the production of ceramics, green cement,
and concrete for the construction industry and composite materials. The previous findings on ceramic
geopolymer mix design and factors affecting their suitability as green ceramics are reviewed. It
has been found that kaolin offers significant benefit for ceramic geopolymer applications, including
excellent chemical resistance, good mechanical properties, and good thermal properties that allow it
to sinter at a low temperature, 200 ◦C. The review showed that ceramic geopolymers can be made
from kaolin with a low calcination temperature that have similar properties to those made from high
calcined temperature. However, the choice of alkali activator and chemical composition should be
carefully investigated, especially under normal curing conditions, 27 ◦C. A comprehensive review
of the properties of kaolin ceramic geopolymers is also presented, including compressive strength,
chemical composition, morphological, and phase analysis. This review also highlights recent findings
on the range of sintering temperature in the ceramic geopolymer field which should be performed
between 600 ◦C and 1200 ◦C. A brief understanding of kaolin geopolymers with a few types of
reinforcement towards property enhancement were covered. To improve toughness, the role of
zirconia was highlighted. The addition of zirconia between 10% and 40% in geopolymer materials
promises better properties and the mechanism reaction is presented. Findings from the review should
be used to identify potential strategies that could develop the performance of the kaolin ceramic
geopolymers industry in the electronics industry, cement, and biomedical materials.

Keywords: geopolymer; kaolin; ceramic; zirconia; reinforcement

1. Introduction

Geopolymer manufactured raw materials are extremely rich in silica and alumina,
which is an advantage given that over 65% of the Earth’s crust is composed of alumina and
silica minerals [1,2]. Geopolymer consists of a three-dimensional network of aluminosilicate
tetrahedral atoms that are covalently bound to one another [3–6]. Geopolymers are a
relatively recent type of construction material created from industrial by-products and
cementitious materials with high alumina and silica content [1,6–8]. Due to climate change
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strategic initiatives, the market for geopolymer products has expanded dramatically in
recent years. In addition, green systems are a key problem in the building industry, and
the use of geopolymers through the geopolymerisation process has piqued the interest of
scientists worldwide [5,6,9,10]. It is a “new” category of materials that has attracted a great
deal of interest and risen gradually in research article investigations over the past decade.

Geopolymers have traditionally been considered an alternative to Portland cement-
based materials with significant environmental and durability benefits. These advantages
need to be compensated for by many brief mix designs and technologies when compared
to conventional Portland cement [7,11,12]. Blended cements use a wide variety of non-
conventional ingredients, such as geopolymer binders and pozzolan-based compounds.
However, geopolymers have many additional potential uses; for example, that are ad-
vantageous due to thermal stability in the fabrication of thermally resistant structural
elements [5,13–15], as adhesives [16,17], for the solidification of hazardous wastes [18–21],
or as catalytic support [7,8,22].

Blended cements are stronger and less likely to crack than conventional cement, not
to mention being eco-friendlier. Inorganic geopolymers are synthesised in an alkaline
environment from silica–alumina gels [6,7,9,13,23]. When viewed with scanning electron
microscopy (SEM), the structure is composed of interconnected chains or networks of
inorganic molecules that are held together by covalent bonds. One atom of silicon or
aluminium is connected to four atoms of oxygen to form a tetrahedron. These tetrahe-
drons form a three-dimensional network with one oxygen atom in common between
each of the tetrahedrons [17,18,23–25]. The most used raw materials are natural minerals,
such as kaolin [9,24,26,27] and calcined clays [28–32], and industrial wastes, such as fly
ash [4,13,33–36], slag [35–37], red mud [28,38,39], and waste glass [40–42].

Kaolin converts to a pozzolan material named metakaolin (MK) after high temperature
of thermal treatment. Regarding the issues of sustainability, kaolin as a geopolymer material
can satisfy the world demand for ceramic industries. This review also discovered findings
on the potential use of kaolin as a raw material with and without thermal treatment.
However, there have only been a few research studies conducted on the use of kaolin
as a raw material in a ceramic geopolymer application. This article also discussed a
comprehensive review of the characterization of kaolin, addition of kaolin geopolymer,
and the potential of zirconia reinforcement in ceramics. Furthermore, the experimental
results by the researchers regarding the percentage ratio of zirconia addition to improve
the properties of the ceramic geopolymers are also presented. At the conclusion of this
review, the feasibility of future research into the low-cost manufacture of ceramics from
geopolymer derived from kaolin is evaluated. Therefore, it is necessary to undertake
a thorough literature analysis on current understandings regarding the functionality of
geopolymer regarding its application on ceramic.

2. Mix Design and Manufacture Method for Kaolin Geopolymer in Ceramics

A new type of building materials with improved strength, durability, and other qualities
entered the market in the nineteenth and twentieth centuries [43,44]. Ceramic components
can be made from a wide variety of metallic and non-metallic atom combinations, and each
atom combination typically lends itself to a number of structural configurations [30,40,45,46].
To address the rising needs and requirements in a wide range of application fields, scientists
were compelled to develop numerous novel ceramic materials.

Inorganic solid powders with carefully controlled purity, particle size, and particle
dispersion are used to create ceramic geopolymers [9,17,22]. To create a ceramic with
specific material properties, various precursors are mixed in the process. This powdered
mixture is mixed with a binder so that it can be machined in a “raw” state, moulded to
exact specifications, and then sintered in a controlled furnace [40,41,47]. The raw ceramic
must be heated to a temperature below its melting point to be sintered. By removing the
moisture and binder, fine ceramic products with high hardness and density are created by
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condensing the microscopic gaps between the particles and fusing them together [30,46,48].
The formulation of geopolymer materials for ceramic applications is shown in Table 1.

Table 1. Mix design of geopolymer materials in ceramic application.

Authors Raw Materials
Curing
Method

Activator
Molarity

Formulation

Jamil et al. 2020
[22]

• Kaolin
(Associated
Kaolin Industries
Sdn. Bhd.,
Malaysia)

• Curing in
50 × 50 mm
mould

• NaOH molarity
(8 M)

• Solid liquid ratio (1,
1.5, 2)

• Sodium silicate (Na2SiO3)
to sodium hydroxide
(NaOH) ratio (4:1)

• Particle size (kaolin:
~13.3 μm, GGBS: 41.4 μm)

• Two step sintering
temperature (1st: 500 ◦C,
2nd: 900 ◦C)

Ma et al. 2021
[46]

• Kaolin (95%,
Fengxian Reagent
Factory, China)

• SCWS (99.9%,
Beijing, Forsman
Technology Co.,
Ltd., China,
d = 500 nm,
l = 13 μm)

• Silica sol (40%,
Jiangsu Xiagang,
Indus, China)

• Cast into
polystyrene
containers and
cured at 60 ◦C the
incubator (7 day)

• H2O/K2O = 11
(mole ratio)

• Calcining kaolin at 800 ◦C
• Stirring 24 h on the

rotating ball mill at 60 ◦C
• Treated in a tube furnace

(RHTH120/600/18,
Nabertherm, Germany) at
(1100–1200 ◦C)

• SiO2/Al2O3 = 4,
SiO2/K2O = 4

• SCWS contents (0.5 wt%,
1 wt%, 2 wt%, 3 wt%, and
4 wt%)

Yun Ming et al.
2017 [48]

• Metakaolin

• Pre curing (80 ◦C,
4 h)

• Curing (RT, 40, 60,
80, 100 ◦C at 6, 12,
24, 48, 72 h)

• Curing day (7,
28 day)

• NaOH molarity
(8 M)

• Kaolin (sintered at 800 ◦C
for 2 h)

• Na2SiO3 to NaOH ratio
(0.8 and 0.2)

According to Jamil et al. [22], the phase transition of the sintered kaolin-ground
granulated blast surface slag (GGBS) geopolymer was aided by the addition of GGBS to
kaolin, which accelerated the geopolymer’s setting time. Kaolin’s structural alterations
were influenced by the high alkalinity of NaOH (8 M), which made it capable of reacting
with GGBS. The sintered kaolin-slag geopolymer’s characteristics alter as the solid to
liquid (SL) ratio rises. Akermanite and albite are two new phases that are formed when
the solid content is at its highest (SL:2). The morphology of the sintered kaolin-GGBS
geopolymer indicates enhanced densification and pore creation with increasing solid-
to-liquid ratios. Additionally, two steps of the sintering profile, as shown in Figure 1,
mitigated the beginning of fractures as the dihydroxylation mechanism is retarded. In this
research, the use of kaolin as a raw material without calcination gives good feedback on
energy consumption and green method by skipping the sintering stage. The effect of kaolin
geopolymer at post-sintering temperatures, however, is not explored further in the thermal
gravimetric and thermal analysis.
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Figure 1. Two-steps sintering profile of kaolin-GGBS geopolymer [22].

Ma et al. [46] revealed that the flexural strength SiC whiskers (SCWS) reinforced
geopolymer composites (SCWS/KGP) composites could be improved with the presence of
SiC whisker and reached the peak value when the SCWS content was 2 wt%. The produc-
tion process for the composite of SiC whiskers (SCWS) and KGP (Kaolin Geopolymer) is
shown in Figure 2. The improvement in the KGP composites’ flexural strength is mostly
attributable to the strong interface bonding between the SiC whiskers and the geopolymer
matrix. When its content reached 4 wt%, whiskers aggregation was observed, which neg-
atively impacted the mechanical performance of SCWS/KGP composites. Additionally,
geopolymer evolved into high density, twin-structure leucite ceramics after being heated to
1100 ◦C and 1200 ◦C. While this was going on, there was no interfacial reaction between the
leucite matrix and the SiC whisker, which preserved its chemical stability. Due to leucite
formation and a strong interfacial contact between the whisker and matrix, the composite
treated at 1200 ◦C with 2 wt% SiC whisker demonstrated a 124.8% higher flexural strength
than the composites before high temperature treatment. Nevertheless, this research does
not compute the compressive strength, which is the interfacial zone between the whisker
and the matrix, because shrinkage can be determined by the whisker that is subjected to
compressive stresses.

Yun Ming et al. [48] confirmed the existence of zeolite Y in metakaolin-based geopoly-
mer powder-based geopolymers with one-part mixing. Figure 3 depicts the production
procedures for geopolymer powder, one-component geopolymer, and ceramic geopoly-
mers. The one-part mixing geopolymers attained a maximum compressive strength of
10 MPa after 28 days. The sintering of the compressed geopolymer powder changed the
amorphous phases into nepheline phases without passing through intermediate phases. At
1200 ◦C, the greatest flexural strength of ceramic geopolymers was 90 MPa. This method
reduced the probability of cracking in geopolymers that had already been cured. However,
it was recommended to reduce the sintering temperature to produce nepheline ceramic
geopolymers, as the sintering temperature indicated in this study was too high.
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Figure 2. Preparation procedure for SCWS (SiC whiskers)/KGP (Kaolin Geopolymer) composite [46].

Figure 3. Steps to produce geopolymer powder, one-part-mixing geopolymer and ceramic geopoly-
mer [48].

3. Factors Affecting the Suitability of Kaolin Geopolymers in Ceramics

Alumina is now used in the production of ceramic membranes. Kaolin, which is
extensively used as a substitute for alumina due to its unique chemical and physical
properties, provides a membrane with low plasticity and high refractoriness [22,30,49].
Additionally, kaolin shows hydrophilic properties. It possesses good chemical and fire
resistance in addition to a comparatively high mechanical strength [50–52]. Therefore,
geopolymers have the potential to be employed as construction and building materials
that are environmentally beneficial. Under thermal activation, kaolin geopolymers become
more stable, and kaolin clay transforms into the reactive phase of metakaolin. When
metakaolin was employed as an aluminosilicate precursor [35,48], its characterization was
simplified.

Ceramics cannot transfer high internal loads via plastic deformation due to their
brittleness properties [53–55]. Despite all its benefits, ceramics as a building material also
has several drawbacks. The basic structure of kaolin is a highly disturbed phyllosilicate
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network consisting primarily silicon and aluminium, which confer the major advantage of
having a particle size distribution that is relatively homogeneous [22,50,56,57].

3.1. Curing Process

In general, efforts are undertaken to develop ceramics with superior mechanical
qualities by incorporating amorphous phases, whiskers, fibres, particles, and even metallic
phase and pores. Another method for improving the ballistic impact on a ceramic surface
is to promote finer particle size, which prevents the initiation and spread of failures such as
pores, flaws, fractures, and cracks [58,59]. Table 2 provides a review of prior research on
geopolymer materials for diverse ceramic applications.

Table 2. Kaolin geopolymer on various ceramic applications.

Authors Raw Materials Curing Process Application

Kovarik et al. 2017 [9] Kaolin Expose to 1000 ◦C for 30 min, then let it
cool at room temperature. Ceramic grog

Keppert et al. 2020
[60] Red kaolin Thermal curing at 60 ◦C Cementitious materials

Mohamad Zaimi et al.
2020 [61] Kaolin 24 h curing at a temperature of 80 ◦C Electronic packaging

industries

Kovarik et al. 2021 [62] Calcined kaolin and blast
furnace slag

• Sintering temperature 1300 ◦C for 3 h.
• Curing temperature 70 ◦C Ceramic foam

Cheng et al. 2021 [15] Coal-series kaolin

• At a rate of 5 ◦C/min, the maximum
temperature was kept at 600 ◦C,
650 ◦C, and 700 ◦C for 2 h.

• The crucibles were taken out of the
furnace and the calcined kaolin was
quickly cooled to room temperature.

Geopolymeric cement
materials

Aziz et al. 2021 [63] Natural perlite and
kaolinic clay

Placed until the test age in a curing
chamber with a relative humidity of > 90% Ceramic insulator

Sarde et al. 2022 [64] Kaolin Calcined at 600 ◦C for 2 h Electoceramic (Dielectric
character)

Marsh et al. 2019 [65] Kaolin Pre-dried and allowed to cool in a 105 ◦C
oven. Soil construction

Wang et al. 2022 [66]
Nano-ZnO/melamine
polyphosphate (MPP) and
silica fume clay

Thermal acceleration rate of 10 ◦C·min−1

from 40 to 1000 ◦C under a pure N2
atmosphere.

Ceramic coating

Numerous studies of kaolin as a ceramic material show it is widely used for high
performance ceramic materials, which are divided according to the end use application
into electronic packaging industries [61], electroceramics (dielectric [64], insulator [63]),
ceramic foam [62], ceramic grog [9], cementitious materials [15,60], soil construction [65],
and ceramic coatings [66].

Kaolin has narrower interlayer spacing and less cation exchange capacity than other
clay mineral materials [17,65,67]. Kaolin is the principal clay formed by chemical weath-
ering; it is coarse in particle size and inflexible compared to other clays. It is the most
researched clay mineral in this field, and its extensive use is attributed to its capacity to
change into the metastable and more reactive phase of metakaolin following dehydrox-
ylation at temperatures between 550 ◦C and 800 ◦C [52,62,68]. Similarly, kaolin’s basic
structure consists of a highly disturbed phyllosilicate matrix comprising primarily silicon
and aluminium, with little variation in particle size [69,70].
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3.2. Si and Al Composition

Geopolymer materials composed of Si and Al have more potential as ceramics. As
one of the most important clay minerals, kaolin has a high porosity, strong mechanical
stability, and low thermal conductivity in geopolymers [22,50,71]. During the firing of
kaolin, the type and quantity of secondary phases can have a significant impact on the
thermal properties of the raw materials [48,68]. Iron oxide is very significant [49,72]; Fe2O3
can exist in raw materials as either mineral complexes or silicate structures. The addition
of Fe2O3 in kaolin not only increases the quantity of mullite phase at lower temperatures
(1050 ◦C), but also improves the crystallisation of mullite at higher temperatures [19,73,74].
Table 3 lists the Si and Al content of numerous kaolin types successfully employed in
geopolymer production.

Table 3. Si and Al content of kaolin for geopolymer synthesis.

Authors
Content (wt%) Particle Size,

D50 (μm)

Surface
Area, (m2/g)SiO2 Al2O3

Kovarik et al. 2017 [9] 52.1 41.9 4.0 13.0

Borges et al. 2017 [75] 54.5 44.2 4.5 N/A

Belmokhtar et al. 2017 [76] 53.6 42.2 4.8 6.2

Lahoti et al. 2017 [77] 53.0 43.8 1.3 N/A

Belmokhtar et al. 2018 [51] 47.2 37.12 6.20 4.72

Kwasny et al. 2018 [78] 32.04 24.99 N/A 1.57

Marsh et al. 2019 [2]

57.76 22.85 2.0 17.6

60.73 24.05 2.0 33.7

60.20 11.60 2.0 36.9

Jamil et al. 2020 [22] 54.0 31.7 13.3 N/A

Matalkah et al. 2020 [79] 52.1 26.2 Less than 100 2.67

Nnaemeka et al. 2020 [80] 45.3 38.38 N/A N/A

Tiffo et al. 2020 [50] 38.00 40.10 90 N/A

Rania and Samir 2021 [81] 48.21 39.85 1–80 4.78

Aziz et al. 2021 [63] 55.14 28.52 63 N/A

Mehmet et al. 2022 [49] 70.32 18.87 N/A N/A

Alexandre and Lima 2022 [26]
36.3 34.9 2

N/A
47.08 39.19 2

The percentage content range of Si and Al was from 32.04% to 70.32% and 11.60% to
44.2%, respectively, while the lowest particle size was 1.3 μm and lowest surface area is
1.57 m2/g. According to previous research, mechanical activation altered the particle size
and specific surface as well as the kaolin’s reactivity with respect to the geopolymerization
reaction, hence increasing the compressive strength of the geopolymers [69,81–83]. This
increase was attributed to the smaller particle size and altered shape, which allowed for a
faster dissolution of the particles in the activating solution [82,84]. The initial crystalline
structure of clay minerals that already exist is broken during dehydroxylation, making the
substance reactive; obviously, the higher the level of dehydroxylation, such as amorphous-
ness, the more reactive the material [22,49,50,76]. Kaolin as a geopolymer material which
has high Si Al content is highly suitable in ceramic application

There is a critical alkaline concentration that can achieve the maximum compressive
strength, and a higher concentration does not favour the formation of geopolymers, accord-
ing to prior research that used kaolin as a single source material to synthesise geopolymer
products and investigate the effect of different alkaline activator concentrations on the
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compressive strength [22,56,85,86]. Important criteria that influence the degree of the
geopolymerization process and the reaction duration with the alkali activator, respectively,
are the Si-to-Al ratio and the ageing time [26,63,87]. Table 4 summarises the utilisation of
alkali activator in past studies on kaolin.

Table 4. Previous research on kaolin and alkali activator.

Authors Activator Molarity
Raw

Material

Prasanphan et al. [86] NaOH Na2SiO3 • 10 M NaOH

Kaolin
Jamil et al. 2020 [22] NaOH Na2SiO3 • 6 to 8 M NaOH

Aziz et al. [63] NaOH Na2SiO3 • 8 M NaOH

Alexandre et al. 2022 [26] KOH • 16 M of KOH

The reaction of alkaline activators has been observed; NaOH and Na2SiO3 are com-
monly used at a range of 6 to 10 molar NaOH concentration. In the synthesis of kaolin
geopolymers, the higher molar concentration of KOH, 16 Molar, is employed. In addi-
tion, high concentrations of KOH are utilised to enhance the solubility of Al3+ and Si4+

ions [26,88].
In addition to the selection of raw materials and manufacturing conditions, geopoly-

mers can exhibit a vast array of qualities and characteristics. In general, the properties
of geopolymers are highly reliant on the composition of the reactants, particularly the
Si/Al ratio, process, and method, mixing design, and alkali activator type. In addition, the
most important component in determining the application sectors of geopolymers is the
sintering process, which is the most crucial step in the fabrication of ceramic geopolymers.

3.3. Sintering Temperature

Sintering is the process of producing a solid mass of material under pressure and heat
without fully melting it. In this process, atoms in raw materials diffuse across particle
boundaries and fuse to form a single solid object. The sintering process flow is shown in
Figure 4.

Figure 4. Sintering process flow.

Zhang et al. [57] revealed, possibly for the first time in China, the alkali activation
reactivity of calcined kaolin from Guangxi province. The thermal treatment of kaolin is
typically necessary to obtain more reactive precursors that result in geopolymers with high
strength was discovered. Significant attempts have been made to identify the best heating
temperature for the increase of the kaolin geopolymer’s strength. Past research findings
regarding the sintering temperature are presented in Table 5.
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Table 5. Sintering temperature from past research.

Authors Raw Material
Sintering Temperature

Range (◦C)
Optimum Sintering

Temperature Range (◦C)
Phase Formation

Naghsh and Shams
2017 [89]

Kaolin

400–800 600

• Major crystalline phase is
kaolinite.

• Amorphous phase in which
the kaolin (peak at 20–40◦)

Sornlar et al. 2021
[90] 600 600

• Amorphous phase increase
with certain crystalline
phases still present (illite and
quartz)

Alexandre and
Lima 2022 [26] 750 750

• Neoformation of hematite,
from the dehydroxylation of
goethite

Majdoubi et al. 2021
[91] 300–1100 800

• Undergo a significant
transformation from
amorphous to entirely
crystalline

Merabtene et al.
2019 [92] 800 800

• Muscovite is transformed
into Anorthite through its
reaction with CaO, which
also results in the
development of other
minerals like Quartz and
Leucite.

Villaquirán and
Mejia 2018 [93] 300–1500 900

• Below 900 ◦C—no obvious
structure change

• Exceed 900 ◦C—formation of
macroporous mullite ceramic

Jamil et al. 2020 [22] 200–1200 900

• Kaolinite phase at 2θ of ~13◦,
~25◦, and ~26◦

• Disappearance of the
gehlinite phase

• Phases of akermanite and
albite in SL ratio 2

Liew et al. 2017 [48] 900–1300 1200

• Major crystalline phase is
kaolinite.

• Formation of crystalline
nepheline

Naghsh and Shams [89] demonstrated that as the calcination temperature increased
from 400 ◦C to 800 ◦C, the MK dissolution extent in NaOH solution increased continuously.
Sornlar et al. [90] discovered that dehydroxylation of kaolin to metakaolin occurred upon
calcination at 600 ◦C, resulting in a large increase of amorphous phase with some crystalline
phases (illite and quartz) remaining in the resulting metakaolin powder. According to
reports, the amount of amorphous phase in the metakaolin had a significant effect on the
curing and strength development of the geopolymer. Due to the relatively wide specific
surface area, which may necessitate a high water-to-binder ratio to obtain satisfactory
workability, MK is not utilised in the majority of construction situations.

Alexandre and Lima [26] conducted additional research using KOH as an alkaline
activator. After calcination, minerals such as anatase and quartz in samples sintered at
750 ◦C remain stable or metastable. In addition, the de-hydroxylation of goethite has led to
the neoformation of hematite in these samples. However, current knowledge suggests that
the use of KOH as an alkali activator does not optimise geopolymerization, as the K-O link
is weaker than the Na-O bond.
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Majdoubi et al. [91] showed that the crystalline phase of kaolinite disappears between
300 ◦C and 1300 ◦C of sintering temperature. The constant emergence of several character-
istic peaks of kaolinite suggests that calcination at temperatures between 700 ◦C and 800 ◦C
was not performed perfectly. At 800 ◦C, it is readily apparent that the full absence of the
halo characterises the amorphization of our material, indicating that the three-dimensional
network of geopolymers is no longer in place and has experienced a significant transforma-
tion from amorphous to completely crystalline. When the temperature approaches 1100 ◦C,
the aluminium phosphate phosphocristobalite phase and SiO2 cristobalite dominate the
X-ray powder diffraction (XRD) graph. This phase is the most resistant at high tempera-
tures, which explains why the geopolymer’s resistance is very weak. The slight variation
between the three halos is a result of the increase in calcination temperature: the higher
the temperature, the greater the intensity. After heat treatment, it was also noticed that the
typical peaks of quartz and muscovite become more distinct and intense.

Merabtene et al. [92] discovered that calcined kaolin at 800 ◦C for 24 h, followed by
quick air cooling and the selection of 800 ◦C possessed an excellent precursor for geopoly-
mer synthesis. The heating scheme of 800 ◦C confirms the existence of carbonates such as
calcite (CaCO3), as indicated by XRD and Fourier transform infrared (FTIR) investigations.
Nevertheless, the sintering temperature must be increased to 900 ◦C due to the increasing
kaolin reactivity between 800 ◦C and 900 ◦C. It appears to be connected to the altered
oxygen atom environment during dehydration.

Villaquirán and Meja [93] determined the sintering temperature to be between 300 ◦C
and 1500 ◦C. In the absence of dehydration, the compressive strength of the geopolymer
reached its maximum value as the calcination temperature rose to 900 ◦C and decreased
drastically at 1000 ◦C. However, the 300 ◦C sintering temperature range is not really
significant because past research has shown that kaolinite gradually loses OH cation
between 700 ◦C and 900 ◦C during the sintering temperature.

Jamil et al. [22] emphasised from the outset that 6 M to 8 M of NaOH is sufficient to
achieve alkalinity. The partial conversion of Al from its original 4-coordinated state to its
6-coordinated state is known as the phase transformation from monoclinic to tetragonal.
As a result, the sintering temperature ranges between 200 ◦C and 1200 ◦C. The kaolin
geopolymer after pre-sintering, which can be explained by the beginning of crystallisation
of the amorphous geopolymer network, the total disappearance of the gehlinite phase, and
the beginning of the appearance of the akermanite and albite phase, is due to the phase
change from the more stable hexagonal aluminium phosphate. This phase is responsible
for the observed colour change; the geopolymer has turned white due to the presence of
crystalline Al, which indicates the presence of the akermanite and albite phases. Previous
geopolymer research [20] had already revealed this modification.

Liew et al. [48] evaluated the reactivity of kaolin calcined at 900 ◦C, 1000 ◦C, 1100 ◦C
and 1200 ◦C in a furnace at a heating rate of 5 ◦C/min and soaking duration of 3 h and
discovered that the ceramic geopolymers had a maximum flexural strength of 90 MPa at
1200 ◦C. This study discovered the highest sintering temperature among previous studies.
There is, in reality, no universally ideal temperature for MK production. Nevertheless, it is
acceptable to select various calcination schemes (temperature and duration) because the
mineral composition and particle size of kaolin, as well as the heating procedure, all have a
role (stable or fluidized).

The porosity and apparent density variation with kaolin content have different aspects
according to the sintering temperature. The sintering reactions between kaolin and alkali
activator absolutely influences the chemical and mechanical properties of kaolin ceramic
geopolymers, respectively. Although calcination temperature had a positive impact on
aluminium alloys, the high calcination temperature had a significant negative impact
on the sustainability of the environment. As a comparison, the calcination of kaolin
to obtain metakaolin takes place from 600 ◦C to 800 ◦C. Concerning the environmental
impact and sustainability of geopolymeric cements produced from natural kaolin, the use
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of non-calcined kaolin aids in the reduction of manufacturing costs and environmental
implications, resulting in a green ceramic [2,22,94].

4. Properties of the Kaolin Ceramic Geopolymers

Figure 5 shows that the chemical structure of kaolin in the 3D network structure of
geopolymers consists of a Si2O2Al framework spatially connected chains of [SiO4] and
[AlO4] tetrahedral. The Si and Al share oxygen corners for each other and produce the
charge-balancing metal cations.

 

Figure 5. Chemical structure of kaolin [95].

Kaolin is a common mineral found in soils and sediments, and it has a wide range
of applications. This clay mineral is a 1:1 layer aluminosilicate in which an alumina
octahedral sheet and a silica tetrahedral sheet are fused to produce a layer held together
by hydrogen bonding [73,93,96]. This clay possesses no exchangeable cations [89,97,98],
because isomorphic substitution and cationic vacancies are near to zero.

Theoretically, any pozzolanic compound with a high alumina and silica concentration
is acceptable for geopolymer synthesis under highly alkaline circumstances [18,49,56,76].
However, several considerations must be made for the geopolymerization reaction fol-
lowing the addition of an alkaline activator. The measurement of the physical properties
and chemical composition of the raw material is one of the most essential variables in
this category, as it determines the alkalinity level of the activator [19,22]. It is essential
to completely analyse the samples and, based on this, to optimise the composition and
amount of the activating solution and curing conditions due to the diversity of the raw
materials, which may vary from batch to batch, whether mineral or waste products, for
example [17,18,99,100].

Clays are hydrous aluminium silicates with a composition of approximately Al2O3–
2SiO2–2H2O [67,101]. In order to lower costs, contemporary research on the manufacture
of ceramic support has centred on the use of less expensive raw materials, such as apatite
powder, fly ash, natural raw clay, dolomite, and kaolin. Among these ceramic materials,
kaolin has emerged as a potential raw material that is frequently employed for separation
applications at a lower cost [57,73]. Moreover, kaolin is one of the least expensive and most
abundant support raw materials, and it is readily accessible [22,33,102].

Geopolymers derived from kaolin has demonstrated great promise in the construction
and building industries as well as engineering applications. Previous research indicates
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that changes in the reactivity of source materials employed in the synthesis of waste-
based geopolymers have a substantial impact on the final characteristics of the ceramic
geopolymer. At the raw materials selection stage, the attributes of kaolin correspond to
its mineralogical compositions and thermal treatment histories. Consequently, it merits
additional research into its compressive strength, chemical and mineralogical composition,
morphological development, and phase analytic features.

4.1. Compressive Strength

The compressive strength of a geopolymer is contingent on several factors. These
factors include the strength of the gel phase, the ratio of gel phase to undissolved Al-Si par-
ticles, the distribution and hardness of the undissolved Al-Si particle size, the amorphous
nature of the geopolymer or the degree of crystallinity, and surface reactions between the
gel phase and undissolved Al-Si particles [76,103–105]. For instance, curing at elevated
temperatures for more than two hours appears to promote the development of compressive
strength. Nevertheless, curing at 70 ◦C appears to increase compressive strength signifi-
cantly more than curing at 30 ◦C during the same period. Table 6 displays the compressive
strength and influencing parameters from prior studies.

Table 6. Compressive strength and factors affecting.

Authors Raw Material Compressive Strength Significant Design Parameter
Factors Affecting
Compressive Stress

Hajkova, 2018
[19]

Calcined
kaolinite
claystone

68 MPa at 28 days
curing

• Constant weight ratio
water glass: kaolinite:
calcium hydroxide

• Water glass density (1.2,
1.3, 1.4, 1.5, and
1.6 g·cm−3)

• Lower total pore volume
and increasing the
compressive strength (at
higher density of water
glass-1.5 g·cm−3)

Matalkah et al.,
2020 [79] Kaolin 48 MPa

• Added calcium oxide and
sodium hydroxide (0, 5,
10, 15, and 20% by weight
of kaolin)

• 5 wt.% sodium hydroxide
and 10 wt.% calcium
oxide

• Ca makes C-S-H phases
more likely, which could
make the geopolymer
paste denser.

• NaOH could make it
easier for Si and Al to
leach out of the kaolin
particles and into the
solutions, which led to
more geopolymerization.

• Formation of N-A-S-H gel

Tiffo et al., 2020
[50] Kaolin 29.1 MPa heated at

1100 ◦C

• Used aluminium
hydroxide and
oxyhydroxide to replace
kaolin (30% by mass)

• Formation of stable
crystalline phases

• Nepheline and
carnegieite are partially
dissolved, which lead to
closed pores and a drop
in compressive strength.

Ababneh et al.,
2020 [106] Kaolin

7-day
19.83 MPa (heat cure)

16.47 MPa (room-cure)

• 62.5 wt.% kaolin, 30 wt.%
calcium oxide, 5 wt.%
sodium carbonate and 2.5
wt.% sodium silicate

• Due to the loss of water, a
high curing temperature
could also make the
resulting geopolymer
matrix more porous.

• Presence of calcium oxide
in the aluminosilicate
generate C-S-H gel
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Figure 6 shows the compressive strength using kaolin from prior studies summarized
from Table 1. The best compressive strength by using kaolin as raw materials, 68 MPa
was obtained at 28 days of curing by using high density water glass about 1.5 g·cm−3.
Choosing a suitable water glass density and type of alkali activator helps to ensure that the
geopolymer mortar used as ceramic has good compressive strength. Generally, the ratio of
each binder either solid or liquid will result in different compressive strength due to phase
and bond formation in geopolymer system.

Figure 6. Reported compressive strength using kaolin.

4.2. Chemical and Mineralogical Composition

The chemical composition of raw materials as determined by X-ray fluorescence im-
pacts the development of geopolymerization and the kind and quantity of
zeolite [12,22,63,107]. The primary chemical component of kaolin, kaolinite, is dehy-
droxylated at temperatures reaching 550 ◦C, hence converting its long-range organised
microstructure to an amorphous state. Consequently, kaolinite has been converted to
metakaolin [48,50,74]. In geopolymer synthesis, the kind and temperature of thermal
treatment affect the reactivity of metakaolin. Due to its relatively well-defined chemi-
cal structure, chemical composition, and properties, which increase its reactivity [50,57],
kaolin is also considered one of the most essential precursors for geopolymer synthe-
sis [22,49,50,56,68,108]. According to several studies, the use of kaolin as a raw material for
the synthesis of geopolymer is environmentally friendly because it generates less carbon
dioxide than the production of Portland cement. Table 7 displays the chemical composition
of kaolin geopolymer.

Table 7. Chemical composition of kaolin geopolymer.

Authors Al2O3 SiO2 MgO Fe2O3 SO3 K2O Na2O CaO TiO2 P2O5 LOI

Heah et al. 2012 [109] 31.7 54.0 0.11 4.89 0 6.05 0 0 1.41 0 1.74
Hajkova 2018 [19] 41.45 52.03 0.13 1.05 0.20 0.79 0 0.15 1.62 0.06 2.52

Belmokhtar et al. 2018 [51] 37.12 47.2 0.39 0.83 0 2.2 0.05 0.03 0.04 0 0
Mehmet et al. 2022 [49] 18.87 70.32 0.32 0.58 1.33 0.87 0.04 1.44 - 0.1 6.03

Alumina (Al2O3) and silica (SiO2) content, in general, have the greatest impact on the
geopolymerization. Other mineral compositions also play a part, including magnesium
oxide, MgO (speeds up the hydration reaction and may cause low porosity and high bulk
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density due to the large volume of the hydrate) [49], iron(III) oxide, Fe2O3 (able to exhibit
adsorptive, ion-exchange, and catalytic properties similar to those of zeolitic aluminosilicate
molecular sieves) [110], and calcium oxide, CaO (acts as to harden at room temperature
without affecting the mechanical properties of the final product) [22].

4.3. Morphological and Phase Analysis

Scanning electron micrographs of kaolin’s microstructure were examined. These show
that morphology changes as the calcining temperature rises, and it also gradually affects
the strength, hardness, apparent density, and volume shrinkage ratio. Figure 7 shows
plate like kaolin SEM micrographs. It is evident that the kaolin morphology consisted of
crystals with sharp edges, hexagonal shapes, rods, plates with corrosion, and irregular
shapes [22,49,111]. The geopolymer made from kaolin has the benefit of being reliably
created, with known properties during both preparation and development. However, the
rheological issues caused by its plate-shaped particles make the system more complex to
process and require more water [51,111].

  

Figure 7. SEM images of the plate like kaolin (a) [111] (b) [79].

Figure 8 shows the SEM images for the room-temperature cured binders (a), paste
specimen after immersed in water (b), room-temperature cured binders with 10% NaOH
(c), and for the room temperature cured binders with 10% CaO (d). When the specimen was
cured at room temperature, several microcracks with discontinuous gel developed, how-
ever a rather big crack was identified in the paste specimen following immersion in water.
As illustrated in the figure, this produced a dense and strong alkali aluminosilicate matrix
(c). The formation of such cracks could explain why the compressive strength of geopoly-
mer specimens decreased following immersion in water. A solid gel with a well-packed
structure was observed in the CaO paste, with visible amounts of crystalline or weakly crys-
talline C-S-H phase. The inclusion of C-S-H phases may provide stiffness to the geopolymer
paste, improving the mechanical properties of a kaolin-based geopolymer [79,99,112]. The
addition NaOH to the system could enhance the leaching of Si and Al from the kaolin
particles to the solutions and resulted in increased geopolymerization and formation of
sodium silicate hydrate gel [23,36,113,114].
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Figure 8. SEM images for (a) a room-temperature cured paste, (b) paste specimen after immersed in
water, (c) paste with 10% NaOH and (d) paste with 10% CaO [79].

The Si/Al ratio has a strong influence on the microstructure of geopolymers, and
the other three parameters (Al/Na, water/solids, and H2O/Na2O ratios) have less of an
impact. This is shown by the fact that geopolymers with the same Si/Al ratio have similar
microstructures, but there are big differences when the Si/Al ratio changes [25,115,116]. The
geopolymer system is a two-phase gel made of water and an aluminosilicate binder. The
water acts as a reaction intermediate and is released when the gel solidifies to create pores
and a two-phase structure [15,105,117]. In contrast, water plays an active role in cement
hydration and ultimately affects paste porosity in the OPC system [49,56,118]. Porosity
in geopolymers is determined by solution chemistry during geopolymerization, which is
primarily a function of Si/Al ratio and alkali metal cation type. Absolute pore volume is
governed by nominal water content [50,64,119].

Only three of the kaolin’s classic phases, quartz, muscovite, and kaolinite, can be seen
in the XRD diffraction pattern depicted as in Figure 9 [22,51,108]. One of the crystalline
phases found in kaolin is kaolinite, which makes up 35% of the crystalline phases and
is converted to metakaolin through calcination [35,117,120]. The decomposition of the
mineral calcite into CaO and CO2, which is evidenced by the mass loss at around 677 ◦C
in the thermogravimetric analysis (TGA), is what causes the calcite reflections in the XRD
pattern of the calcined ceramic industrial sludge to vanish [51].
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Figure 9. XRD patterns of kaolin (K) [51].

The XRD patterns for calcined kaolin and the comparable hydrates with and without
additions are shown in Figure 10, where, relative to calcined kaolin, the kaolin-based
geopolymer paste has less crystalline peaks. Several crystalline hydrated phases, including
quartz (Q), muscovite (M), and gypsum, were discovered (G). The addition of NaOH or
CaO has only a minimal impact on the crystalline phases of the resulting hydrates.

Figure 10. X-ray Diffraction Analysis for kaolin-based geopolymer [79].

Kaolin is highly recommended for use in ceramic geopolymers based on its excellent
properties as a ceramic. In addition, the properties of the ceramic geopolymer can be
enhanced by addition of reinforcement. There is a critical need for ceramic reinforcement
to enhance its physical and mechanical properties. Geopolymers have several positive
properties, including high strength, high density, few pores, an elastic modulus, and
little shrinkage; yet, brittle and can easily break. Reinforcement or addition in kaolin
geopolymers may solve this problem.
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5. Reinforcement in Kaolin Ceramic Geopolymers

In comparison to OPC-based materials, geopolymers exhibited improved mechanical
characteristics and resilience to fire, sulphates, and acids. When used as OPC products,
geopolymers, however, exhibit brittle failure due to low tensile strength, which may
place several restrictions on its potential structural uses. Usually the material properties
of kaolin ceramic geopolymers have a greater impact on the performance of reinforced
geopolymer composite than binders do. Table 8 summarises the various types of additions,
the percentages of additions, and the results of studies that examined the enhancement of
properties in kaolin geopolymer ceramic.

Table 8. Addition as a reinforcement in ceramic composite.

Authors
Raw

Materials
Addition

Percentage/Ratio
Addition

Finding Descriptions

Wu and Tian,
2013 [98] Kaolin

Rubber
composites(NR, SBR,

BR, NBR, EPDM,
MVQ, and CR)

40 parts per hundred
rubber (phr) and

50 parts per hundred
rubbers (phr)

• Superior tensile strength and weaker
elongation at break

• Plate-like structure of kaolin helps rubber
release heat and makes rubber composites
more stable at high temperatures.

Selmani et al.,
2017 [121] Kaolin Commercial

Metakaolin
0%, 16%, 33% and

50%

• Increasing the metakaolin percentage
confirms the existence of different networks.

• More reinforcements (illite and mica) caused
more networks to form and more impurities
(illite and calcite) to be coated by the excess
alkaline solution.

Jamil et al.,
2020 [22] Kaolin

Ground granulated
blast furnace slag

(GGBS)

Kaolin:GGBS
(4:1 wt.%)

• Accelerate the geopolymer’s setting time
and contributed to the phase transformation
of sintered kaolin-GGBS geopolymer.

Tiffo et al.
2020 [50] Kaolin

Amorphous
aluminium hydroxide

and aluminium
oxyhydroxide

0%, 10%, 20% and
30% by mass

• Enhances compressive strength and thermal
stability

• 30% by mass of aluminium oxyhydroxide
heated at 1100 ◦C, compressive strength of
29.1 MPa

• 10% by mass of amorphous aluminium
hydroxide gave 60.2 MPa at 1150 ◦C.

• Formation of stable crystalline phases

Coudert et al.,
2021 [122] Kaolin Fly ash

10%, 20% and 40% of
fly ash with reference
to dry mass of solids

(fly ash + kaolin).

• Porosity is less because small kaolinite
platelets fill the pores.

• Decrease in the soil’s ability to be
compressed and an increase in the yield
stress

Perumal et al.,
2021 [67] Kaolin

Surfactants
(Hydrogen peroxide,
chemical that lowers

surface tension)

5, 10, 15 M NaOH
Water binder ratio

(0.55 and 0.65)

• Strength improvement mainly by bubble
stabilization avoiding the bubble
coalescence and, by reducing the pore size

• Surfactants and H2O2 bringing down the
viscosity values by 20–60% and the effect is
higher at higher H2O2 dosage

Kaya et al.,
2022 [49] Kaolin Zeolite

Replacing 10%, 20%,
and 30% kaolin with

zeolite

• 4%, 5%, and 6% increase in unit weight
• Increased compressive strength and flexural

strength
• 3%, 7%, and 12% increase in ultrasonic pulse

velocity (UPV) of the geopolymer specimens
due to the formation of dense structure
owing to lower porosity of kaolin than
zeolite
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Wu and Tian [98] reported on rubber addition, which significantly improved defor-
mation and yield strength, as is the case for matrices with higher SiO2/Al2O3 molar ratio
and 40 and 50 parts per hundred rubber (phr) rubber. The tensile strength, elongation
at break, and hardness of nitrile butadiene rubber (NBR) filled with 40 phr kaolin were
satisfactory, and the minimal wear indicated the optimum wear resistance. Additionally,
50 phr kaolin-filled EPDM and CR have adequate elongation at break, hardness, and wear
but not tensile strength, which is lower than that of 40 phr kaolin-filled EPDM. However,
the durability of rubber is not particularly long. Additionally, rubber cannot handle high
temperatures because it may cause a tendency for the material to rupture and degrade,
which reduces the composite’s ability to endure tensile strain. In order to create new
geopolymer materials from a blend of commercial metakaolins and calcined clays, Selmani
et al. [121] focused on valorizing naturally existing clays. Metakaolin MK1 was replaced by
metakaolin MK2, which produced different compositions with the following codes: G1,
G2 (16%), G2 (33%) and G2 (50%). However, because of impurities, adding natural clay
reduced the compressive strength of the geopolymer composites (illite, calcite, iron).

According to Jamil et al. [22], the sluggish rate of the Al content’s dissolution makes
it necessary to spend more time to produce kaolin with a strong chemical interaction. A
kaolin-GGBS ceramic geopolymer was created by adding ground granulated blast furnace
slag (GGBS) to reduce the rate of dissolution. However, research in measuring compressive
strength to gauge the brittleness of kaolin geopolymer composites is still limited. In
addition, Tiffo et al. [50] reported that, to give the kaolin geopolymer its physical and
mechanical properties, researchers substituted amorphous aluminium hydroxide and
aluminium oxyhydroxide in varying amounts. As a result, the replacement successfully
contributed to the development of heated kaolin-based geopolymers that are thermally
stable and have a high compressive strength. The result is not visible, though, until 28 days
into the curing process. This is crucial to demonstrate that the geopolymer system has no
additional reaction mechanisms because of the removal of kaolin.

Coudert et al.’s [122] study was primarily concerned with the application of an alkali
activated fly ash-based binder to improve the engineering properties of soft clay-rich soils
and to replace conventional stabilisers (lime or cement). By using optical microscopy,
microstructural measurements of the alkali activated fly ash binder treated soil over time
were made. In a way like the alkali-activated fly ash binder, after 24 h of curing there
are scattered dark patches that look like calcium-rich nodules all over the sample. After
28 days, these nodules are surrounded by larger black zones that are made up of newly
formed compounds. At 28 days, hollowed grey nodular structures can be identified as
the binder and linked to the breakdown of calcium-rich particles. However, combining
micro-indentation with scanning electron imaging would also make it possible to measure
regional variations in hardness. Therefore, the degree of calcium particle reactivity can be
used to understand how important local microstructural differences are for macroscopic
mechanical performances.

In the fresh-state, alkali-activated slurry, Perumal et al. [67] examined how surfactants
function as stabilisers for the gas-liquid interface, enhancing the establishment of intercon-
nected porosity utilising impure kaolin. Depending on the paste characteristics, surfactant
type, and content, the pore structure produced by direct foaming can have a wide size
distribution. Lower strength is generally the result of a less homogenous pore structure.
The effect of three different molarities of alkali activator (5 M, 10 M, or 15 M NaOH) and
water binder ratio (0.55 and 0.65) on the mechanical property of kaolin-based geopolymer
has been described, however the research on the effects of Si/Al ratio and ageing duration
has not been covered.

The effects of Micro additions of Fe2O3 and MgO on the mechanical and physical
characteristics of the geopolymer binder were investigated by Kaya et al. [49]. The binder
was developed by substituting zeolite for kaolin at percentages of 10%, 20%, and 30%.
Additionally, by replacing 4%, 6%, and 8% of the Fe2O3 and MgO in the binder with zeolite,
the quantities of Fe2O3 and MgO were enhanced. The binder was activated using NaOH
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that contained 15% Na by weight (Na/binder). Because kaolin has a denser structure due to
its lower porosity than zeolite, replacing zeolite with it causes an increase in the unit weight,
compressive strength, flexural strength, and UPV of the geopolymer specimens. However,
to correspond with the development of hematite (Fe2O3) and periclase, the formation
of sodium aluminosilicate and calcium silicate hydrates as hydration products was not
further discussed (MgO). Therefore, these authors were the first to realize the potential of
nanoparticles to impart toughness and strength of geopolymer structure.

Addition of Zirconia in Ceramic Geopolymers

To increase the strength and toughness of ceramics, for instance, zirconium dioxide
(ZrO2) may be added. This would be done by taking advantage of the tetragonal to
monoclinic phase transformation that is brought on by the presence of a stress field before
a break. On the other hand, zirconia brings improvement in compressive strength, fracture
toughness, crack deflection, crack bridging, and micro-cracks.

Due to the better chemical and thermal properties to standard additives, nanosized particles
are one possibility to increase the mechanical performance of such geopolymers [121,123,124].
Additionally, nanoparticles can function as a filler to lower the nanoporosity at the level of the
interfacial transition zone between aggregated particles as well as a catalyst to speed up the
geopolymerization reaction [55,124,125]. Table 9 shows the properties of zirconia, including
melting point, boiling point, density, and molar mass.

Table 9. Zirconia properties [126].

Properties Value

Melting Temperature (◦C) 2715
4300
5.68

123.2

Boiling temperature (◦C)
Density (g/m2)

Molar mass (g/mol)

Temperature and time during the sintering process should be studied because they
directly affect the grain size, yttrium segregation, and amount of cubic phase in zirconia,
which in turn affects its physical, mechanical, and optical properties [14,45,125]. Increasing
the sintering temperature increases the grain size of zirconia, which may improve its
physical qualities but makes it more susceptible to low-temperature irradiation (LTD).
Although Al2O3 has good hardness, abrasion resistance, and chemical inertness at elevated
temperatures, it has relatively low toughness [56,121,123], which leads to early failure. To
boost its fracture toughness, Yttria-Stabilized Zirconia (YSZ) is used as a strengthening
agent. The product of this mixture is Zirconia-reinforced Alumina (ZTA). It undergoes
a phase transformation from tetragonal to monoclinic that results in a transformation
strengthening process [45,127].

Greater ZrO2 content in a kaolin-based mullite ZrO2 composite yielded greater density
and flexural strength. Due to the decreased viscosity of the produced glassy phases in
the sintered samples [56,128], the presence of ZrO2 may have increased the thermal shock
resilience of the sample. The proposed method involves adding zirconia to kaolin or
metakaolin (calcined kaolinite) in order to produce at high temperatures mullite and zircon
(ZrSiO4)-based ceramics, according to the following Equation (1) [56]:

3(Al2O3 · 2SiO2) + 4ZrO2 → 3Al2O3 · 2SiO2 + 4ZrSiO4 (1)

Zircon, which does not suffer any structural change until its dissociation at around
1500 ◦C, possesses a number of desirable qualities, including a high resistance to alkali
corrosion and an extremely low thermal expansion coefficient (4.1 × 10−6 ◦C−1) between
room temperature and 1400 ◦C, and a low heat conductivity [56,121,124]. Table 10 shows
the impacts of the addition of zirconia in past research.
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Table 10. Impact of the addition of zirconia in past research.

Authors Percentage Addition (%) Raw Materials Properties Improvement and Mechanism Reaction

Phair et al., 2000
[129]

0, 1%, 3%, 5%, 7% by mass
of FA Fly ash

• Increase compressive strength
• Chemically, non-aluminosilicate materials are

thought to be based on zirconia’s ability to
make insoluble sodium polysialate, which then
forms a 3D polysialate grid structure.

• Zeolite production could not occur using
zirconia as a nucleation germ or template.

Mecif et al., 2010
[56]

0%, 10%, 20%, 30% and
40% wt Metakaolin

• High thermal stability, low thermal expansion,
and conductivity

• High creep resistance associated with strong
strength, and fracture toughness

• The amount of flux in the mixture cannot get
any denser because the clay content is
decreased, and silica is being used up when
ZrSiO4 is made.

• Disappearance of cristobalite occurs during
zircon formation

Kenawy et al., 2016
[130] 0, 5, 10, 15 and 20 wt% Calcined kaolin at

1000 ◦C for 2 h

• High thermal shock resistance and flexural
strength

• Reduction in the viscosity of the glassy phases
that develop in sintered samples

• Glassy phase, which might help serious faults
repair or make materials appear more durable
throughout the sintering process

• Continuous solid solution at the grain
boundary between ZrO2 and mullite
strengthens the grain-boundary mechanism

Zawrah et al., 2018
[124]

0, 10%, 15% by weight of
metakaolin Metakaolin

• Compressive strength was increased (10%
gives 74 MPa)

• No new phases were produced because zircon
did not take part in the geopolymerization
process. Instead, it filled the spaces between
the polysialate networks.

Phair et al. [129] demonstrated that the incorporation of just 3% mass of zirconia to a
geopolymeric matrix significantly increased the compressive strength by 30%. Incorporat-
ing 5% or more zirconia, caused considerable brittleness due to the adverse bulk physical
effects of extra filler on the 3D polysialate network. However, no clear evidence exists to
establish that the absence of zeolite crystallisation is primarily attributable to the high CaO
level. Furthermore, Mecif et al. [56] discovered that ZrSiO4 production, which occurs at
temperatures above 1150 ◦C, is promoted by the presence of fusing impurities such as K, Fe,
Ca, and Mn in clays, as well as a reduction in zirconia particle size. It was also discovered
that the rise in the porosity ratio of the final products for zirconia levels more than 20 wt
percent was dictated by a decrease in the flux amount due to the reduced clay content.
Sintering a mixture of 38 wt% of fine zirconia powder and 62 wt% of the more reactive clay
at 1400 ◦C for 2 h produced ceramics that are mostly composed of zircon and mullite.

Kenawy et al. [130] hypothesized that the comparatively lower density with greater
ZrO2 contents could be the result of thermal expansion mismatches between ZrO2 and
the mullite matrix. This may cause interior fissures and a weakened matrix, resulting in
a reduced density. Moreover, the higher the ZrO2 content, the greater the viscosity of
the produced glassy phases and, consequently, the lower the particle diffusion and rear-
rangement. Regardless, this researcher did not explore the effect on compressive strength.
Moreover, the previous researchers theorised that zirconia promotes a 3D polysialate grid
structure through the creation of insoluble sodium polysialate, based on research by Za-
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wrah et al. [124] to determine the chemical foundation for the increase in compressive
strength. This 3D polysialate minimises the mobility of sodium while maintaining the
matrix’s structural integrity and charge balance. To clarify the grain/particle sizes, phases,
chemical species, and yttrium distribution, as zirconia materials behave differently at
different sintering temperatures, additional research is required.

Geopolymers, which combine some characteristics of organic polymers, cements, and
ceramics due to the unusual polycondensed network structure, have attracted a great deal
of interest from researchers as a green cementitious material due to the advantageous and
distinctive properties. Additional research is necessary to comprehend the properties of
kaolin ceramic geopolymers reinforced with zirconia for use in ceramic technology.

6. Conclusions and Future Works

Geopolymer material with a low calcium content holds great potential for future
ceramic applications because geopolymers have superior characteristics to OPC counter-
parts and have various performance-related qualities. Even though the characteristics of
geopolymer have been thoroughly explored in the literature, there are still certain elements
that require additional investigation. Furthermore, it is evident from this brief analysis that
addition of zirconia into kaolin geopolymer applications still has a great deal of room for
research and improvement. Zirconia-reinforced geopolymer matrices produce materials
with enhanced compressive, fracture toughness, crack resistance, and thermal stability,
relative to the unreinforced matrix. In conclusion, the essential formulation parameters for
geopolymers were assembled and compared based on chemical composition, thermal pro-
cessing, and consequent mechanical properties. Based on the facts reviewed, it is obvious
that additional research must be conducted to optimise formulas for the development of
zirconia-reinforced geopolymers with improved characteristics. Several conclusions can be
drawn from a review of the existing literature on the properties of geopolymer materials in
ceramic industry:

i. Geopolymer materials mentioned above have the potential to be converted into en-
vironmentally friendly ceramics because the silico-aluminate used to make them is
derived from natural sources and industrial by-products. However, utilizing geopoly-
mer materials derived from kaolin without calcination that have comparable proper-
ties to metakaolin-based materials is a significant contribution to sustainability as it
reduces energy consumption during the sintering process.

ii. Many factors, such as selection of alkali activator, chemical composition of raw ma-
terials and sintering temperature, could have great possibility to produce ceramic
geopolymers. Therefore, more data is needed to finally establish a clear relationship
between characterization of raw materials and the thermal process.

iii. Typically, geopolymers are weak under tension and fail brittlely. Numerous studies
have focused on the inclusion of different types of reinforcement into geopolymers
to acquire appropriate mechanical and thermal properties for each application, par-
ticularly ceramic applications, to overcome this weakness. The method describing
suitable non-destructive testing for evaluating geopolymers alongside the destruc-
tive/strength test results is recommended for reviewing in the future.

iv. To impart the strength beyond the standard properties, addition materials are needed.
Generally, incorporation of zirconia in kaolin, using a proper alkali activator ratio,
chemical composition of raw materials and optimum sintering temperature could
increase the compressive strength, and usually result into toughness properties.

v. Although adding inorganic polymer or natural fibres incurs low-cost and is usually
flexible and can be used at high content as reinforcement in geopolymers, it is not
possible due to its toughness property.

vi. It should be noted that a geopolymer material has demonstrated significant feasibility
and application prospects to be used as an environmentally friendly ceramic material,
which may be a suitable replacement for the conventional ceramic materials and
process in the future.
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The significant of this review to the ceramic industry is to produce ceramic geopoly-
mers with high compressive strength at optimal sintering temperature of kaolin. The
potential of addition of zirconia may enhance the properties of kaolin geopolymers to
reduce energy consumption and increase residual compressive strength without affected
the growth of ceramics grains during sintering.
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Abstract: In this study, the effect of waste glass on the mechanical properties of concrete was exam-
ined by conducting a series of compressive strength, splitting tensile strength and flexural strength
tests. According to this aim, waste glass powder (WGP) was first used as a partial replacement
for cement and six different ratios of WGP were utilized in concrete production: 0%, 10%, 20%,
30%, 40%, and 50%. To examine the combined effect of different ratios of WGP on concrete per-
formance, mixed samples (10%, 20%, 30%) were then prepared by replacing cement, and fine and
coarse aggregates with both WGP and crashed glass particles. Workability and slump values of
concrete produced with different amounts of waste glass were determined on the fresh state of
concrete, and these properties were compared with those of plain concrete. For the hardened concrete,
150 mm × 150 mm × 150 mm cubic specimens and cylindrical specimens with a diameter of 100 mm
and a height of 200 mm were tested to identify the compressive strength and splitting tensile strength
of the concrete produced with waste glass. Next, a three-point bending test was carried out on samples
with dimensions of 100 × 100 × 400 mm, and a span length of 300 mm to obtain the flexure behavior
of different mixtures. According to the results obtained, a 20% substitution of WGP as cement can
be considered the optimum dose. On the other hand, for concrete produced with combined WGP
and crashed glass particles, mechanical properties increased up to a certain limit and then decreased
owing to poor workability. Thus, 10% can be considered the optimum replacement level, as combined
waste glass shows considerably higher strength and better workability properties. Furthermore,
scanning electron microscope (SEM) analysis was performed to investigate the microstructure of the
composition. Good adhesion was observed between the waste glass and cementitious concrete. Lastly,
practical empirical equations have been developed to determine the compressive strength, splitting
tensile strength, and flexure strength of concrete with different amounts of waste glass. Instead of
conducting an experiment, these strength values of the concrete produced with glass powder can be
easily estimated at the design stage with the help of proposed expressions.

Keywords: eco-friendly concrete; waste glass; workability; compressive strength; splitting tensile
strength; flexural strength
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1. Introduction

The use of ordinary Portland cement (OPC) by replacing it with recycled cement in
certain proportions is an interesting issue for sustainable environmental awareness [1,2].
During cement production, a high amount of energy is consumed, and a high amount of
carbon dioxide (CaO2) is released into the atmosphere [3]. Therefore, cement additives are
of interest to reduce cement production [4,5]. Waste is generally defined as residues from
industrial production processes, residues arising from the transfer, or product residues that
have completed their economic life [6–14]. With the development of modern cities, the
decrease in natural resources, climate change, and increasing awareness of environmental
protection, there is an urgent need to develop building materials that will reduce greenhouse
gas emissions [2,15]. Waste glass powder (WGP), which is increasing with the effect
of industrialization and the increase in urban transformation, attracts the attention of
researchers as a concrete additive material due to its economic and mechanical performance
effects [4,5,16–21]. Since there is no regular storage area for waste glass, it increases the risk
of soil and water pollution due to its oxidation effect. Therefore, the use of recycled glass
in concrete production will provide significant contributions to reducing environmental
problems [2,3,22,23].

According to ASTM C618-19, 2019, since waste glass consists of a large amount of
calcium and an amorphous structure, it can be ground into powder to obtain pozzolanic
material or cement additive [24–26]. Therefore, WGP can be used in concrete production
by replacing it with cement in certain proportions [2]. Recent studies show that replacing
15–25% glass powder with cement increases the mechanical properties of concrete [6,15,21].
Aliabdo et al. used 25% substitution with cement to investigate the mechanical effect of
WGP in concrete as a cement substitute. According to the results obtained, it was observed
that the void ratio and density of the samples decreased, while the tensile and compressive
strengths increased [27]. Al Saffar et al. in their study to test the interaction of WGP, added
cement mortar with other materials and found that the compressive strength of the samples
increased as the glass powder addition rate increased. They obtained the highest strength
with the addition of 25% glass powder [15]. Elaqra et al. (2019) added 4% by weight to the
mix to investigate the effect of WGP on fresh and hardened concrete. They found that as
the amount of WGP increased, the machinability increased, and the maximum compressive
strength was reached with the addition of 20% WGP at 28 days of cure [28]. It is well
known that in the case of fine grinding of soda–lime glass, the reactivity of pozzolanic
increases as the particle size decreases [29]. Zhang et al. in their study to examine the
effect of WGP particle size on the mechanical and microstructures of concrete, found that
the particle size distribution of WGP has a significant effect on the properties of WGP-
based concrete [30]. Shao et al. in their experimental study to observe the effect of finely
ground WGP on the compressive strength of concrete found that the pozzolanic reactivity
increases as the WGP particle size decreases. They found that WGP, with a particle size
of 38 μm, was replaced by 30% with cement, resulting in 4.1 MPa greater compressive
strength [31]. It was found that WGP pozzolanic reactivity was replaced by 0, 15, 30, 45, and
60% of weight cement, while below 30% the concrete compressive strength did not decrease
due to the pozzolanic reaction between WGP cement hydration products. In fact, with
the addition of 60% WGP, the resistance to chloride ion and water penetration increased
continuously, while the concrete compressive strength increased by around 85% [32]. In the
study by Peril and Sangle, it was observed that when WGP was mixed with 30% cement,
an increase in compressive strength between <38 μm and <75 μm was between 20% and
10% [33]. Khatib et al. found in their study that there was a 1.2% increase in concrete
compressive strength with the addition of 10% WGP [34]. In a similar study, Madandoust
and Ghavidel found that the compressive strength of the control sample was higher than
the concrete with glass powder added at every stage, the compressive strength of both
samples increased with aging [35]. In their study, Tejaswi et al. stated that the compressive
strength increased by 1.5% with the addition of 10% WGP. However, they found that the
compressive strengths were at equal levels when 20% was substituted [36]. Vasudevan et al.
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observed a 1.05% increase in concrete compressive strength when 20% WFP addition was
<90 μm [37]. Schwarz et al. found that the addition of 20% WGP increased the compressive
strength by 19% when <75 μm [38]. They state that while the strength decreases as a result
of the 7-day compressive strength test, the compressive strength does not change as a
result of the 28- and 91-day tests <75 μm. In addition to strength performance, the failure
processes of brittleness materials are also important. Some researchers have studied the
failure processes of brittleness materials [39,40]. Since the risk of fracture will increase
under sudden loads, it is beneficial to take measures to increase elastic behavior.

Dust and particles from soda glass were mostly used in previous studies. However,
its usability in concrete was investigated by replacing fine aggregate in self-compacting
concrete with waste particles obtained from cathode ray tubes. The results had a positive
effect on the durability properties of concrete [41]. Past studies have shown that ground
glass powder can increase the pozzolanic reactivity of secondary cementitious materi-
als. Therefore, the granule size of the ground glass powder has important effects [42,43].
Ahmet et al. examined different methods of using waste glass in concrete and stated that
particle size, substitution ratio, and chemical composition have important effects on the
mechanical durability of concrete. For example, as the grain size decreases, workability
becomes more difficult but pozzolanic and strength increase [44]. The particle size of the
waste glass, which must be taken into account during the mix design, may affect the active
silica reaction depending on the rate of substitution.

Solid waste management is an important issue for most developing countries [45].
Instead of storing or disposing of waste materials such as glass, plastic, and metal, reusing
or recycling has become a more attractive option. Waste glass has started to be widely
preferred for concrete production in civil engineering applications in recent years. Since the
employing of waste glass in concrete can assist to reduce environmental pollution, protect
natural resources and produce low-cost concrete, WGP can be preferred instead of either
natural aggregates or cement due to its pozzolanic effect. Although many studies have been
conducted on this subject, there are differences in the results obtained from the literature.
Thus, there still remains a need to investigate the mechanical behavior of concrete with
partial substitution of waste glass and the ideal dosage of it. Based on this motivation, an
experimental study was carried out on some test specimens. Analytical solution proposals
have been developed according to the data obtained from the experimental study. The pro-
posed formulas will serve as a guide for researchers and manufacturers and will accelerate
future studies to be more effective.

2. Experimental Program

In this study, the main aim is to investigate the effect of glass powder when it is re-
placed with cement. Furthermore, the effects of all replacements with glass are investigated.
Nine mixes including the reference were designed. C represents cement replacement, MIX
represents cement, fine aggregate, and coarse aggregate replacement. Table 1 summarizes
the sample properties. For the MIX design, each type of material was replaced with certain
amounts of recycled glass. The size of fine aggregates is 1 mm to 4 mm and the correspond-
ing waste glass was 1.7 mm to 4 mm. Size of coarse aggregate size was selected as 5–12 mm
and the corresponding waste glass was also 5–12 mm. The particle size of cement particles
was between 0.02 mm to 0.1 mm and the size of glass waste powder was 0.1–0.2 mm.
Figure 1 demonstrates the used aggregates and cement and also their replacements which
are glass powder and glass grains. Figure 2 demonstrates the recycled glass in concrete.
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Table 1. Sample Properties.

REF No Glass Was Used

C10% 10% cement was replaced with waste glass powder

C20% 20% cement was replaced with waste glass powder

C30% 30% cement was replaced with waste glass powder

C40% 40% cement was replaced with waste glass powder

C50% 50% cement was replaced with waste glass powder

MIX10% 10% cement, 10% fine and 10% coarse aggregates were replaced with waste glass

MIX20% 20% cement, 20% fine and 20% coarse aggregates were replaced with waste glass

MIX30% 30% cement, 30% fine and 30% coarse aggregates were replaced with waste glass

Figure 1. Recycled glass, cement, and aggregates.

Figure 2. Recycled glass in concrete.

Cement was selected as CEM I 32.5 Portland cement. The water-to-cement ratio was
chosen as 0.5. Figure 3 demonstrates the slump test results. The workability of the concrete
produced by adding WGP increased as the waste rate increased. Accordingly, there was an
increase in slump values. It is seen that the slump value increases as the recycled glass ratio
increases. On the other hand, when all ingredients were replaced with glass, the slump
value significantly decreases. Madandous and Ghavidel obtained an 80 mm slump in their
study with the addition of 5–20% WGP. In this study, it is seen that the slump value is
200 mm, since the additional WCP is 50%. It can be said that the results are similar to the
literature [35].
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Figure 3. Slump test.

Three types of tests were performed in order to evaluate the performance of the
concrete with recycled glass. A compression test was performed on 15 × 15 × 15 cm cubic
samples while splitting tests were conducted on 10 × 20 cm cylinder samples. Furthermore,
bending tests were performed using 10 × 10 × 40 cm samples. Three repetitions were
completed for each mix and each test. Compressive ability is the capability of a specimen
to decline load under pressure. The CST was performed according to ASTM C39/C39M
(C39&C39M A, 2003). In this test, specimens have dimensions of 150 mm × 300 mm. In
this experiment, concrete specimens were subjected to constraint lengthwise load at a level
in the offered as concerns the specimen fractures. At that point, the compressive capability
was estimated from the critical failure strength separated by the part of the specimen. To
provide the tensile strength of concrete where compactor load is performed in anticipation
of examples unravel caused by expansion of tensile force in concrete as ASTM (Designation,
1976). In this way, cylindrical examples are divided through the vertical dimension.

3. Experimental Results and Discussions

3.1. Compressive Strength (CS)

In this part, to carry through the compressive strength test (CST), concrete examples
were arranged without any adulteration. Figure 4 expresses the CST consequences at
28 days period for low w/c ratio combinations formed with 100% reference and numerous
ratios of recycled aggregate substituting reference aggregates, with and lacking waste glass.
The CS values of the reference concrete without waste glass series at 28 days were found as
18.9 MPa, respectively. The lowest CS values were also found to be 7.10 MPa in the concrete
produced with cement including 50% waste glass for 28 days periods, respectively. As
observed in Figure 4, it has been detected that the CS of concrete combinations including
waste glass utilization as a fractional replacement for cement were lesser than those of
the corresponding concrete mixes lacking waste glass. As observed in Figure 4, statistical
investigation of test values shows the noteworthy impact of waste glass (as a fractional
replacement for cement) on the CS of concrete.

Figure 4. Results of CS.
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In the comparison of the cement that was changed with waste glass powder, the
CS of C10% (10% cement replaced with waste glass) is 6% greater than that of C20%.
Correspondingly, the CS of C20% (20% cement replaced with waste glass) is 60% greater
than that of C30%. Comparing the CS of C30% (30% of the cement was replaced with
waste glass powder) it can be observed that the value is 15% greater than that of C40%.
Finally, the comparison of CS of C40% (40% of the cement was substituted with waste
glass powder) is 31% greater than that of C50%. Consequently, it is observed that the
CS of C10% (10% cement was replaced with waste glass powder) is similar to that of
reference concrete. As shown in Figure 4, while fine and coarse aggregate for 10%, 20%, and
30% (MIX10%, MIX20%, and MIX30%) were exchanged with waste glass, this trend was
reversed as fractional replacement of cement with waste glass promoted the CS of concrete.
On the other hand, at the comparison of CS of MIX10%, MIX20%, and MIX30%, the CST
consequences for the great waste glass ratio continue trends comparable to those for the
small waste glass ratio. In this situation too, the CS of MIX10% is 24% greater than the
corresponding mix (MIX30%). While waste glass is used instead of cement, fine and coarse
aggregate, remarkable improvements in strength are observed when compared with the
reference concrete. Therefore, it was observed that by replacing cement with glass powder,
a significant reduction in CS will be obtained.

3.2. Splitting Tensile Strength (STS)

A comparison of relative STS of the various concrete percentage combinations formed
with 100% reference and numerous ratios of recycled aggregate replacing reference ag-
gregates, with and without waste glass are shown in Figure 5. As presented in Figure 5,
the results of STS commonly pursue a similar tendency as the compressive strength. As
observed from Figure 5, the remarkable improvement in concrete tensile strength is up
to 10% with waste glass used as a fractional replacement for cement. Upon altering the
amount of waste glass, consequences of tensile strength are influenced similarly to the CS.
As shown in Figure 5, tensile strength optimal norms are found at 10% waste glass obligat-
ing maximum divided tensile. A comparative evaluation was performed where controller
concrete tensile strength was deliberate as reference strength, from which concrete of the
changing ratio of waste glass is collated. At 10% substitution of waste glass, STS is only 3%
lower than the reference mix. The correlation of CS in competition with STS is provided
in Figure 6. As shown in Figure 6, the regression model among the compressive and STS
appeared to be flat. Furthermore, as observed in Figure 6, the regression stroke represents
a strong relationship between CS contrasted with STS having an R2 worth of more than
94 percent.

Figure 5. Results of STS.
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Figure 6. STS versus CS.

3.3. Flexural Performance

Flexure strength (FS) of investigational examples was established on examples after
CST. The acquired norms of strength ranged between 6.6 MPa and 3.9 MPa. The conse-
quence of the FS of the examples is presented in Figure 7. In Figure 7, it is detected FS
with variable ratios of waste glass. Related to CS, FS at the initial phase failures with
the incorporation of waste glass. It was detected that with the addition of waste glass at
10%, 20%, 30%, 40%, and 50% of cement weight, the decrease in FS was 6.7%, 12.5%, and
21.1%, 46.5%, and 61.5% correspondingly in proportion to the reference sample (6.3 MPa).
Figure 8 demonstrates a rectilinear relationship between the tensile FS of the example and
the substance of waste glass addition. On the other hand, if fine and coarse aggregates in
cement are replaced with waste glass, it was noticed that the waste glass was replaced with
the cement, fine and coarse aggregate at 10%, the increase in FS was 4.7% correspondingly
in proportion to the reference sample (6.3 MPa). Nevertheless, if the quantity of waste glass
is occupied relative to the cement content, it may be detected that the association between
FS and waste glass content is related (the slope of the curves is approximate (Figure 8)).

Figure 7. Results of FS.
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Figure 8. Results of tensile flexural strength tests of concrete examples with altered waste
glass substances.

3.4. Comparison of Findings of this Study with Other Existing Studies

The effect of waste glass on the structural performance of concrete was investigated
by many research teams. Effects of the use of waste glass as cement replacement on some
mechanical properties such as CS, STS, and FS have been investigated. In this part of the
study, values of CS, STS, and FS for plain concrete and concrete produced from different
glass powder amounts have been collected from the research publications [46–63]. Then,
measured strength values of concrete produced with waste glass were first normalized by
plain concrete strengths. These normalized strength values were plotted in Figures 9–11,
respectively, as a function of the waste glass content.

Figure 9. Variation of the normalized CS of the concrete produced with waste glass.
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Figure 10. Variation of the STS of the concrete produced with waste glass.

Figure 11. Variation of the FS of the concrete produced with waste glass.

As shown in these figures, with the addition of waste glass, the strength values
of concrete produced with glass powder generally decrease after a certain value. The
maximum decrease in compressive strength was observed in the study by Kalakada et. al.,
2022. When the cement was partially replaced with glass powder at 50%, there is a 65%
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reduction in compression strength of the plain concrete specimen. In the same manner, a
20% addition of the waste glass leads to a 36% reduction in the splitting tensile strength of
the plain concrete specimen in the study of Abdulazeez et al., (2020). With the addition of
50% glass powder, a 38% reduction in flexural strength was observed in our experimental
study. Thus, a rational design expression was developed to consider these reductions in
the strength values as follows:

f = [1 + c1 × (WGPR) + c2 × (WGPR)2]× f ′ (1)

where f is strength values as follows: fc: compressive strength ft: splitting tensile strength; ff:
flexure strength; WGPR: waste glass power ratio (0 < WGPR < 50). c1 and c2 are coefficients
given in Table 2; f ′ is strength values of the plain concrete.

Table 2. Constants for Equation (1).

Strength Values (f ) c1 c2

fc 0.00033 −0.00027

ft 0.00217 −0.00018

ff 0.00017 −0.00011

As shown in Equation (1), CS, STS, and FS values of concrete produced with waste glass
were expressed as a function of the amount of the waste glass (WGPR). These expressions
can be easily used in the design stages.

3.5. Scanning Electron Microscope (SEM) Analysis

Scanning electron microscope (SEM) analysis was performed from the sample pieces
taken after the compressive strength test from the concrete samples produced with recycled
glass waste powder. SEM analysis is carried out to show the typical morphology of the
surface tissue of OPC and WGP. The particles of both OPC and WGP are composed of
glassy structures and irregular shapes with sharp edges. OPC particles consist of sharper
edges and shapes, while WGP particle appears on smoother surfaces, sharper prismatic
edges, and denser content [2]. The best images were selected to observe the effect of glass
dust and glass particles in OPC concrete production. Figure 12a–f contains images where
WGP is replaced by cement. Images of the mix design samples from Figure 12g–j contain
the details of the change in glass particles with cement and aggregates. In order for WGP
to be processed as a filler by grinding in electric mills without any treatment, 74% of the
particles must be passed through a 36 μm sieve [64]. The key findings of the inner image
details at 500 times magnification are shown in detail in Figure 12. Judging from the general
view in Figure 12a, it can be said that glass powder provides good bonding with cement
and aggregates. A good interlocking is observed in terms of surface quality, but some
flat zones have cracks due to fracture. In Figure 12b, the appearance of glass powder
particles like sharp fibers is remarkable. Although there is a homogeneous distribution,
gaps are seen in some regions. Voids can be removed by better mixing, shaking, and
skewering [64–66]. The image in Figure 12c shows material connections more closely, such
as a finely woven bee comb. Figure 12d shows the concrete surface bonding and spacing.
Figure 12e,f shows the gelled state of the concrete surface. In terms of surface quality, it
can be said that the glass powder is in a good correlation, but it has some holes and gaps.
In the mixed model, glass powder was used as a binder with cement, and broken glass
particles were used by replacing fine and coarse aggregates in certain proportions. Calcium
silicate hydrate (C-S-H), an amorphous phase, is defined as weak crystals [67]. The fine
glass particles can be seen in Figure 12g. They are seen as a honeycomb in the C-S-H phase.
Since this honeycomb structure provides a good pozzolanic effect, it increases compressive
strength [68,69]. Figure 12h shows how large and small glass particles are bonded with
binders in concrete. It is seen in Figure 12i with good fillings of binders between large
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pieces of glass. Figure 12j shows the homogeneous distribution and connection of the glass
particles in the concrete.
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Figure 12. SEM micrographs of the obtained samples.

4. Conclusions and Summary

Waste management has gained great importance due to the increase in the amount
of waste. The reuse or recycling approach of these waste products, especially in the
construction sector, has become a more attractive option. In this study, the applicability
of waste glass on concrete production was investigated by considering two different
conditions, i.e., replacing cement with waste glass powder and replacing cement, fine and
coarse aggregate with waste glasses. A series of tests were conducted on concrete samples
produced with different amounts of waste glass to determine engineering properties both
in the fresh and hardened cases. In the fresh case of concrete, workability and slump
properties were explored. In the case of hardened concrete, compression strength, splitting
tensile strength, and flexural strength of the produced test specimens were investigated.
These properties were then compared with those of plain concrete. Then, SEM analysis
was carried out to explore the interaction between glass powder, cement, and aggregates.
Furthermore, practical equations were developed to identify the compressive strength,
splitting tensile strength, and flexure strength of concrete produced with WGP. Based on
our study, the following conclusions can be drawn:

• Based on the slump test, the slump value decreases as the amount of waste glass
increases. In the same manner, the workability decreases when the rate of glass
powder increases.

• The compressive test results indicated that the usage of WGP as a replacement of
cement adversely affects the compressive strength of concrete. Compared to the
reference sample, 10%, 20%, 30%, 40% and 50% replacement of WPG reduced the
compressive strength by 3%, 6%, 37%, 13% and 23%, respectively.

• On the other hand, when cement, fine and coarse aggregates were replaced with waste
glasses, there was an increase in the compression strength, the flexural and splitting
tensile strength values up to a certain value of the amount of the waste. However,
further increasing the waste glass addition led to a decrease in the compression value.

• According to the results of the split tensile and bending strength tests, the strength
values decrease as the value of the substitution of cement with waste glass increases.
Compared to plain concrete, 50% replacement of WPG reduced the splitting tensile
strength by 34%, respectively. On the other hand, this replacement reduced flexural
strength by 38%.

• When cement, fine and coarse aggregates were replaced with waste glasses there was
an increase in the flexural and splitting tensile strength values up to a certain value of
the amount of the waste glass. However, further increasing the waste glass addition
resulted in a decrease in the strength values. Replacing the waste glass by 10% resulted
in a 5% increase in splitting tensile strength while replacing the waste glass by 30%
resulted in a 14% decrease in splitting tensile strength. On the other hand, a 10%
substitute of waste glass resulted in a 5% increase in flexural strength, while a 30%
substitute of waste glass resulted in an 11% decrease in flexural strength.
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• It can be concluded that when waste glass is used instead of cement, fine and coarse
aggregate, significant increases in strength are observed.

• SEM analysis results showed that there was a good bond between the glass powder
and cementitious concrete.

• The proposed equations for the compressive strength, flexural, and splitting tensile
strength are quite general and they can be suitable for direct adoption into design
specifications of the concretes produced with waste glass.

In this study, it was observed that waste glass can be used as a partial cement substitute,
or as cement, fine and coarse aggregate in concrete. Optimum waste glass dosage has also
been identified for design purposes. However, lower strength values were observed when
waste glass was used as a partial replacement for cement. The current study defines waste
glass as suitable, reachable in large amounts, a local eco-material, cheap, that can be selected
for concrete construction, in a point of view between economically and environmentally
responsive. To mitigate this shortcoming, future studies will concentrate on the use of
waste glass with other recycling fibers.
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Abstract: The Kingdom of Saudi Arabia generates an enormous amount of date palm waste, caus-
ing severe environmental concerns. Green and strong concrete is increasingly demanded due to
low carbon footprints and better performance. In this research work, biochar derived from locally
available agriculture waste (date palm fronds) was used as an additive to produce high-strength and
durable concrete. Mechanical properties such as compressive and flexural strength were evaluated
at 7, 14, and 28 days for control and all other mixes containing biochar. In addition, the durability
properties of the concrete samples for the mixes were investigated by performing electric resistivity
and ultra-sonic pulse velocity testing. Finally, a SWOT (strengths, weaknesses, opportunities, and
threats) analysis was carried out to make strategic decisions about biochar’s use in concrete. The
results demonstrated that the compressive strength of concrete increased to 28–29% with the addition
of 0.75–1.5 wt% of biochar. Biochar-concrete containing 0.75 wt% of biochar showed 16% higher flexu-
ral strength than the control specimen. The high ultrasonic pulse velocity (UPV) values (>7.79 km/s)
and low electrical resistivity (<22.4 kΩ-cm) of biochar-based concrete confirm that the addition
of biochar resulted in high-quality concrete free from internal flaws, cracks, and better structural
integrity. SWOT analysis indicated that biochar-based concrete possessed improved performance
than ordinary concrete, is suitable for extreme environments, and has opportunities for circular
economy and applications in various construction designs. However, cost and technical shortcomings
in biochar production and biochar-concrete mix design are still challenging.

Keywords: green concrete; biochar; compressive strength; durability properties; SWOT; techno-
economic analysis

1. Introduction

The construction industry is one of the most rapidly growing industries globally. The
substantial growth of the construction industry led to the increasing demand for concrete.
The population in urban regions is likely to grow from around 3.4 billion in 2009 to 6.5 billion
by 2050. It is estimated that the yearly concrete production withstood at 10,000 Mt and is
expected to rise twice in the next 40 years [1]. As a result, with time, there is an increasing
demand for green building materials and eco-friendly construction practices to reduce the
environmental impact of the concrete industry [2,3]. Carbon dioxide (CO2) emission has
always been a severe worldwide concern in cement manufacturing. Moreover, activities
related to the processing and transportation of cement are also responsible for greenhouse
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gas emissions, which are considered a severe environmental threat. Concrete contributes to
approximately 8% of the entire world’s production of CO2 during the production, process-
ing, and preparation phase [4,5]. As a result of the high CO2 emissions and environmental
issues, it has become necessary to implement sustainable CO2 reduction methods rele-
vant to cement-based materials (CBM) in the environment [2]. Environmentally friendly
cementitious materials (CBM) can entirely or partially replace cement to reduce the neg-
ative environmental impacts of concrete production [6]. In recent years, various waste
materials such as fly ash, silica fume, glass, rubber and tires, steel slag, etc., have been
utilised in concrete to improve performance and lower carbon footprint [7–9]. The use of
these materials has a two-fold benefit. It reduces carbon emissions by reducing the use of
cement in concrete, but it also diverts waste materials away from landfills, which helps
increase sustainability.

Biowaste, including municipal, industrial, agricultural, and other forms, is widely gen-
erated worldwide. This waste can be dumped into landfills and cause severe environmental
consequences [10]. Transforming waste into value-added products for various applications
via various approaches is a step toward a circular economy and an effective waste manage-
ment strategy [11]. The pyrolysis technique is most commonly adopted to convert various
biomass sources such as organic industrial and household waste, wood, and agricultural
waste into biochar, biogas, and bio-oil [12,13]. Biochar is a carbon-rich material with high
porosity obtained via thermochemical conversion of biomass in the absence of oxygen [14].
Recent studies showed that a pyrolysis temperature of > 500 ◦C releases all the organic
components from biochar leading to high surface area biochars [2,15]. The biochar’s ex-
cellent mechanical and thermal stability, high surface area, and porosity proved it to be
favourable to use as a cement replacement as an admixture in concrete [16,17]. For instance,
Choi et al. [18] partially replaced the cement by adding biochar in a mortar and reported
replacing 5% biochar showed a 10% increase in the compressive strength. Correspondingly,
substantial improvement in mechanical strength (16–20%), water penetration (40%), and
water absorption (35–60%) by the addition of biochar produced from various feedstock
were reported [3,19]. Furthermore, Restuccia et al. [16] stated that adding biochar to ce-
ment paste could enhance its fracture energy and modulus of rupture. Wang et al. [20]
reported that biochar in concrete enhances the mechanical properties by reducing the
microcracks in the concrete and improving cement’s hydration. Nevertheless, there is still a
considerable gap in investigating the effect of biochar from various feedstock on concrete’s
mechanical and durability properties. The Kingdom of Saudi Arabia (KSA) is one of the
largest producers of date palm trees, with about 35 million trees. These trees generate
large agricultural waste, either carried to landfills or burned in the open areas. This has a
significant detrimental impact on humans and the ecosystem [14]. Walid et al. [21] stated
an efficient and valuable use of ash obtained from date palm waste as a partial replacement
of Portland cement in concrete structures. Though, the addition of biochar derived from
date palm wastes for construction application has not been studied yet.

The primary aim of the presented research is to study the impact of biochar derived
from date palm fronds as an additive in concrete to produce high-strength and durable
concrete. The control and all other biochar-containing mixes assessed compressive and
flexural strengths after 7, 14, and 28 days. Additionally, the durability properties of the
concrete samples for the mixes were evaluated by measuring their electric resistivity and
ultrasonic pulse velocity. Finally, the SWOT analysis and techno-economic assessment of
the biochar-concrete system were performed to provide detailed insight into date palm
derived biochar’s potential application on a commercial level.

2. Materials and Methods

2.1. Materials

Type-1 Ordinary Portland cement (OPC) from a Saudi cement factory was used as a
primary binder in all concrete specimens [22]. The cement’s specific gravity and maximum
particle size were recorded as 3.14 and 0.072 mm, respectively, provided by the local
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manufacturer. Biochar was produced using date palm fronds at 500 ◦C with a heating
rate of 10 ◦C/min for 2 h. Industrially available sand was utilised as a finer aggregate
(FA) in all concrete mixtures. A 0.49% absorption capacity and 2.6% specific gravity were
recorded in FA [23]. The particle size distribution investigation showed that particles passed
100% from the ASTM sieve size #4 (2 mm), 100% from sieve size #8 (4 mm), 100% from
sieve size #16 (600 μm), 74% from sieve size #30 (425 μm), 12% from sieve size #50 (212 μm),
6% from sieve size #100 (150 μm) and 5% from sieve size #200 (75 μm). Pulverised limestone
was added as a coarser aggregate (CA) in all mixtures. Absorption, bulk specific gravity,
and maximum particle size was recorded as 1.19%, 2.57, and 18.5 mm. Tap water is used as
a mix of water in fabricating all concrete specimens.

2.2. Preparation of Biochar-Concrete Specimens

A total of 6 mix ratios were established to calculate the impact of biochar in standard
strength concrete; 16 cylinders and two beams were cast for each mix. Five mixes contain
various dosages of biochar, and one mix consists of ordinary Portland Cement (OPC) only.
Biochar was added to the mix at a rate of 0.25%, 0.50%, 0.75%, 1.00%, and 1.50 wt% of
the overall volume of concrete (Table 1), representing one mix with OPC only and five
mixes with different percentages of biochar addition, as described by Akhtar et al. [2]. The
water to cement ratio was kept constant at 0.45. MasterGlenium 110M was utilised as
a superplasticiser. Initially, materials were dry mixed for about 2 min in a rotary mixer
containing special blades. Then, water was added and mixed for another 3–4 min to achieve
a homogenous mix. All specimens were cast as per ASTM C192 [24]. Beam specimens
(100 mm × 100 mm × 500 mm) and cylindrical specimens (100 mm × 200 mm) were
fabricated after putting the concrete mixture in the individual moulds in two consecutive
layers and compacted each layer for 10 sec. Afterwards, it was levelled and covered the
surface for 24 ± 2 h for setting and then submerged in a curing tank at room temperature
26 ± 2 ◦C for 28 days. Water curing helps to minimise the loss of mixing water from the
concrete’s surface, and the additional water accelerates the strength gain. After 28 days, the
samples are taken out from the curing tank to determine the mechanical properties of the
concrete (Figure 1).

Table 1. Mix design composition of Biochar-concrete specimen.

Specimen
Cement
(kg/m3)

Sand
(kg/m3)

Gravel
(kg/m3)

Biochar
(kg/m3)

w/c Ratio

Control 466.56 685 934 - 0.45
0.25 wt% BC 465.39 685 934 1.166 0.45
0.50 wt% BC 466.22 685 934 2.33 0.45
0.75 wt% BC 463.06 685 934 3.49 0.45
1.00 wt% BC 461.89 685 934 4.66 0.45
1.50 wt% BC 459.56 685 934 6.99 0.45

Figure 1. Concrete cylinder and beam specimens.
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2.3. Experimental Tests on Concrete Specimens
2.3.1. Compressive Strength

After 7, 14, and 28 days of water curing, the compressive strength of cylindrical
specimens was determined in three-time intervals. From each mix, three specimens were
tested on a compression testing machine (CTM) with a loading rate of 2.4 kN/s, and the
average value was noted according to [25] (Figure 2).

Figure 2. (a) Compressive Testing machine (b) Crushed cylindrical specimen.

2.3.2. Flexural Strength

Beams with (100 mm × 100 mm × 500 mm) were utilised to calculate the flexural
strength of concrete beams after 7, 14, and 28 days of water curing. Two beam specimens
from every mix were assessed on a flexural testing machine with a consistent loading rate
of 0.05 kN/s, and the mean value was noted according to (ASTM C 78) [26] (Figure 3).

Figure 3. Setup for flexural testing of beam specimen.
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2.3.3. Electric Resistivity

The electrical resistivity of concrete was determined using nondestructive test equip-
ment RESIPOD as per (ASTM C1876) standard [27] (Figure 4). This test measures the bulk
electrical resistivity of moulded specimens or cored segments of hardened concrete after
28 days of curing. The samples were tested after 28 days of water curing based on the
practice of Su et al., 2002 [28].

Figure 4. (a) RESIPOD electrical resistivity apparatus (b) Test setup to calculate electrical resistivity.

2.3.4. Ultrasonic Pulse Velocity

The ultrasound pulse velocity of concrete specimens from each mix was determined
using a portable ultrasonic nondestructive digital indicating tester (PUNDIT), according
to (ASTM C597) standard [29], after 28 days of curing, the same practice was adopted by
Aziz et al. [30] previously. The setup of equipment for PUNDIT is shown in Figure 5.

Figure 5. Ultrasonic pulse velocity test setup.

3. Results and Discussion

3.1. Compressive Strength

Figure 6 represents the compressive strength improvement at 7, 14 and 28 days of
curing cylindrical specimens made with date palm fronds biochar and compared with
a biochar-free control mix. The compressive strength of the control mix was noted to
be 28.2, 36.6, and 43.5 MPa at an interval of 7, 14, and 28 days, respectively. The incor-
poration of biochar showed a linear rise in compressive strength. For instance, adding
biochar with a dosage of 0.75%, 1.00%, and 1.50% increased compressive strength by
11%, 12%, and 14%, respectively, while at 0.25% and 0.50%, biochar addition represents
similar strength to control mix. A similar result on compressive strength due to biochar
addition was also indicated at the 14-day and 28-day ages of concrete. It is observed that
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the addition of 0.50%, 0.75%, 1.00% and 1.50% of biochar indicated the strength improve-
ment of 17%, 23%, 24% and 28%, respectively, at 14-day age and 16%, 28%, 26% and 29%,
respectively, at 28-day age. However, a 0.25% biochar addition represents no significant
change in strength compared to the control mix. The increase in compressive strength due
to biochar’s addition was mainly associated with the biochar’s high surface area, porosity,
and water retention capability [3,18]. Dry biochar particles absorbed some of the mixing
water during concrete mixing, resulting in a reduced free water–cement ratio in the concrete
matrix. The presence of capillary water causes the cementitious matrix to have a high
capillary porosity, which has a negative impact on strength development [31]. During the
initial hardening of concrete, the water absorption through porous biochar resulted in the
increasing density of the cement matrix by lowering the available water in the pores. The
water absorbed in the pores of the biochar was eventually provided internally to assist ce-
ment hydration via internal curing, which contributed to the cementitious matrix’s strength
development [4]. Additionally, the smaller particle size of biochar exhibited a filler effect,
which helps to minimise voids and gaps between cement particles and aggregates [3]. The
findings discovered that the optimum biochar dosage was 0.75% and 1.50%, representing
compressive strength improvement at 7, 14, and 28-day age compared to control specimens.

Figure 6. Compressive strength of concrete cylinder specimens.

3.2. Flexural Strength

The flexural strength biochar concrete specimens are displayed in Figure 7 at 7, 14,
and 28 days of testing. The results indicate that, unlike compressive strength, adding
biochar, even at minimal dosages (0.25–0.5 wt%), was favourable to enhance the flexural
strength of the concrete beam. The flexural strength of the control mix was recorded as
4.75, 4.95, and 5.06 MPa at 7, 14, and 28 days, respectively. The flexural strength of all
biochar-concrete mixes showed higher flexural strength than the control specimen. Adding
biochar from 0.25 to 0.75 wt% in concrete showed a linear increase in flexural strength.
However, with high biochar loading above 0.75 wt%, the flexural strength was not signifi-
cantly enhanced. For instance, at a 7-day age, 0.25%, 0.50% and 0.75% biochar indicated a
9%, 13% and 16% improvement in flexural strength as compared to the control mix. Con-
sequently, an increase in biochar loading, i.e., 1.00% and 1.5%, caused only 14% and 13%
improvement in flexural strength, which was almost similar to 0.75% biochar-concrete but
still better than the control mix. Likewise, at a 14-day and 28-day age, similar trends were
noticed, 0.25%, 0.50% and 0.75% biochar resulted in around 7%, 10%, and 12% increase,
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respectively, at 14 days and 8%, 10%, and 11% increase, respectively, at 28 days while
1.00% and 1.50% biochar showed 10% and 9% increment at 14 days and 9% and 8% incre-
ment at 28 days in flexural strength than that of control mix. The substantial improvement
in flexural strength due to the addition of biochar could be due to the flexibility provided
by biochar in concrete, which functions as a link between biochar particles and hydrated
cement, preventing premature fracture. Maljaee et al. [32] concluded that biochar-based
mortar’s flexural strength improved due to the addition of biochar. The concrete becomes
dense and tough due to the addition of porous biochar, contributing micro-reinforcement
effect. This ultimately resists the crack propagation, deflects the crack path, and increases
flexural strength [2]. However, a negative impact was noticed after adding biochar by
greater than 0.75%. A large amount of biochar in the cement matrix may cause the aggre-
gation of biochar particles leading to an increase in inhomogeneity in the tensile plane of
the cement-biochar matrix. Similar behaviour was also reported by Ahmed et al. when
using biochar in a cement composite [33]. The results indicate that the optimum biochar
dosage was 0.75%, and the flexural strength produced by 0.75% biochar was improved up
to 16%, 12%, and 11% at 7, 14, and 28 days compared to the control specimen.

Figure 7. Flexural strength of concrete beam specimens.

3.3. Ultrasonic Pulse Velocity (UPV)

In contrast to destructive testing, the research group focused on determining the me-
chanical properties of biochar-based concrete using non-destructive testing. Figure 8 shows
the ultrasonic pulse velocity (UPV) testing results for control and biochar concrete. Ac-
cording to ASTM C 597 [29], the test technique has been validated and standardised. It
indicates that the values of UPV were around 7.54 and 8.04 km/s, with a mean of 7.79 km/s,
according to the given experimental data. However, compared to control concrete, the
biochar-concrete samples had higher UPVs. The development in UPV results within
biochar-concrete can be attributed to the pozzolanic activity due to the incorporation of
biochar. Similar conclusions have been observed by other researchers [34,35]. It is worth
mentioning that the UPV values for all the biochar-concrete samples were over 7.79 km/s,
indicating that the quality of concrete is exceptional [36]. According to the literature and
standard, it can be concluded that the biochar-concrete with UPV value > 7.79 km/s in-
dicates that it is free from internal flaws, large voids, cracks, and segregation leading to
reduced structural integrity and good concrete quality in terms of density, uniformity,
homogeneity [37,38].
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Figure 8. Ultrasonic pulse velocity for various concrete specimens.

3.4. Electrical Resistivity ρ (kΩ-cm)

The electrical resistivity of biochar-concrete and the control specimen is displayed in
Figure 9. It is indicated that the electric resistivity ρ decreases gradually with increased
biochar content. The value of electric resistivity was recorded as 26.1 kΩ-cm for the
control mix. The values of electric resistivity noticed for 0.25%0.50%,0.75%,1.00%,1.50%
biochar-concrete specimen was 22.4,22.2, 20.9,19.6,16.5kΩ-cm, respectively, which indicate
linear decrease in the values of electric resistivity. Any material’s electrical resistivity (ρ)
is described as its ability to resist the ions transfer exposed to an electrical field. It mainly
relies on the microstructure elements associated with the shape of interconnection and
pore size [39]. A finer pore network with fewer connections results in lower permeability,
leading to increased electrical resistivity [40–42].

Figure 9. Electric resistivity of different concrete samples.
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3.5. SWOT Analysis

Concrete is considered an essential building material globally and widely used for
various construction applications. However, concrete manufacturing accounts for substan-
tial greenhouse gas emissions associated with cement production. Therefore, innovative
approaches toward green concrete building materials reduce environmental and climate
impact and promote sustainable societal development. Recently, biochar-based concrete
gained increasing attention due to its sustainability and improved mechanical and durable
properties compared to ordinary Portland concrete [2,43–45] However, to critically evaluate
its potential for real-time application, it is necessary to summarise its merits, demerits, and
limitations. Therefore, in this section, the SWOT analysis is carried out as a sustainable
approach focusing on business strengths, weaknesses, profiting from opportunities, and
potential identified threats of date palm derived biochar-based concrete to gain insight into
and guide the relevance of the adoption of biochar in the construction industry. Table 2 sum-
marises the main components of the SWOT analysis of date palm derived biochar-concrete
construction, which is discussed below.

Table 2. SWOT analysis of biochar-based concrete.

Strengths Weaknesses

• Stronger and rigid concrete
• Dense concrete matrix
• Internal curing agent
• Reduce carbon footprint
• Reduce hydration rate
• High-quality concrete
• Low electrical resistivity

Biochar production is an energy-intensive process
Biochar dispersion in concrete is not homogeneous
Biochar possessed varied surface morphology
Limited research
High biochar production cost
Lower acceptability

Opportunities Threats

• Effective use of biowaste
• Other products formation
• Biochar composite industries
• Biochar insulation materials
• Carbon sequestering material
• Global climate change

High energy consumption in biochar production
Limited technology advancements

3.5.1. Strengths

The major strengths of using date palm fronds derived biochar-based concrete as
building materials are listed in Table 2. Accordingly, date palm-derived biochar-concrete
possessed desirable characteristics to develop a sustainable and green concrete material
without compromising its mechanical and durable properties. The date palm-derived
biochar exhibits a porous graphite carbon structure and high surface area, which facili-
tates the formation of denser concrete, ultimately improving the compressive and flexural
strength to 29% and 16%, respectively. Previous studies revealed that biochar-based con-
crete demonstrated comparatively better compressive strength than ordinary concrete. It
was reported that the compressive strength increased to around 31% using paper sludge-
derived biochar concrete after curing for 28 days [2]. In another study, adding biochar
(0.08 wt% of cement) improved the compressive strength to 85 MPa and 100 MPa. Simi-
larly, adding coarse-sized biochar (140 μm) particles to concrete may enhance the flexural
strength of concrete. It was observed that 0.5 wt% of coarse biochar-based concrete, after
curing for seven days, indicated a 51% higher flexural strength (3.34 MPa) than the refer-
ence concrete [46]. The date palm-derived biochar concrete demonstrated higher UPVs
(7.79 km/s), indicating improved concrete durability, which is attributed to the reduction of
large voids, and internal cracks in the concrete matrix. The biochar concrete exhibited a low
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electrical resistivity value (ρ), which is 47% lesser than the control concrete, suggesting that
the biochar-concrete matrix consists of a heterogeneous structure with a strongly connected
pore network.

Additionally, studies also confirmed that the high thermal stability of biochar-based
cement composites is another essential factor demonstrating its applicability compared
to ordinary concrete. It was reported that biochar-based mortar specimens consisting of
different proportions (5%, 10%, and 20% of cement weight) when subjected to different
heating environments (200 ◦C, 450 ◦C, and 700 ◦C), showed minimal % loss in strength
compared to ordinary mortar [47]. The study reported that adding 5 wt% biochar retained
nearly 88%, 76%, and 38% of compressive strength when exposed to high temperatures
(200 ◦C, 450 ◦C, and 700 ◦C). Biochar produced at high pyrolysis temperature exhibits
high thermal stability, significantly improving concrete fire resistance [40]. The fire sta-
bility characteristic attracts applications in concrete structures used in mines and tunnels,
reducing human risks and substantial damage. Moreover, the highly porous structure of
biochar serves as a thermal insulator in a concrete matrix. Generally, the low interfacial
adhesion of biochar with cement matrix leads to poor heat transfer, leading to decreased
thermal conductivity. It was reported that biochar derived from the peach shell and apricot,
when added to concrete, showed low thermal conductivity of 0.40 and 0.34 × 10−6 m2/s,
respectively [48,49]. Therefore, using biochar in concrete as cement replacement improves
the mechanical, durable, and thermal properties of concrete and reduces the CO2 emissions
of the concrete industry. The study evaluated the impact of various governing factors, in-
cluding raw materials, methods, synthesis, and transportation of biochar-concrete systems
on the environment. It was estimated that approximately 0 to 20 wt% of biochar additions
might expect to reduce 0.15–0.20 kg of cement in concrete. Therefore, using low cement
amounts in biochar-concrete may be expected to reduce greenhouse gas emissions, ozone
depletion, climate change, and hazardous biowaste management [50].

3.5.2. Weakness

While other agricultural wastes such as rice husk ash, bagasse ash, palm oil fuel ash, etc.,
have been widely used to replace OPC in cementitious materials, there is little knowledge
and availability on the properties of biochar made from date palm fronds and cementitious
materials from it in most regions of the world. As a result of this lack of understanding,
date palm fronds biochar application is very limited in the construction industry due to the
lack of high confidence in the material. Furthermore, the effect of biochar on composite
cement performance still requires various experiments to be completed to draw a more
accurate conclusion. It is imperative to conduct an imminent study that examines the
properties of date palm fronds biochar and its impact on cementitious materials’ long-term
performance to promote the practical application of date palm fronds.

The use of date palm fronds biochar in cementitious materials also has a weakness:
its lower strength at high volume percentages. However, higher date palm fronds biochar
content (1.5%) in the cementitious mix reduces its engineering performance, limiting its
application as a binder component in cementitious materials [51,52]. Conversely, other
agricultural wastes, such as rice husk ash, wheat straw ash, palm oil fuel ash, etc., are
effective even at high dosages (up to 20%) in cementitious materials [53,54]. Combining
date palm fronds biochar with high-reactive materials such as nano- and micro-silica makes
it possible to use high dosages of date palm fronds biochar without affecting its engineering
properties [55,56]. However, the date palm fronds biochar amount in the cementitious
matrix must be carefully controlled since it can reduce free water and, consequently, the
fluidity of concrete, increasing the demand for superplasticisers.

Similarly, cementitious materials that contain date palm fronds biochar have a longer
setting time, making them less suitable for applications requiring shorter setting times. A
chemical additive such as an accelerator can be added to cementitious materials incorporat-
ing DPFA as a replacement for OPC to shorten their initial and final set times [57].
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3.5.3. Opportunities

Growing sustainability awareness in the construction industry has led to the search for
sustainable materials that can replace OPC in cementitious materials. Due to its chemical
properties and the fact that it is derived from agricultural waste, date palm frond biochar
is an excellent alternative source of revenue for developing sustainable concrete. Saudi
Arabia ranks among the world’s leading date-producing countries. As a result of the high
production of dates, the date palm industry produces a tremendous amount of agricultural
waste. If these wastes are improperly disposed of in the environment, they could pose a
fire and safety risk. In addition, valuable land spaces could be depleted, and the aesthetics
of the environment might be impacted. The processing of these date palm fronds into
biochar would provide an opportunity to efficiently manage these waste materials and
use them as a raw material for making green concrete. Further, converting these wastes
into valuable resources would entail a monetary value for date palm factories, opening up
another source of revenue.

The application of date palm fronds biochar in building materials has been shown
to improve the mechanical properties of building materials and enhance the durability of
composites under extreme environmental conditions. The improved properties suggest
that biochar-containing building materials perform equally or even better than those
without [4,58–61]. Therefore, there is a massive opportunity for date palm fronds derived
from biochar-based concrete to be used for various building applications for a better design
life. Due to its wide range of applications and vast production, concrete has a substantial
carbon footprint, contributing to 8% of the global carbon dioxide emissions [5]. Therefore,
it is imperative to look for pathways for reducing emissions within the cement and concrete
industry to reduce its environmental impact [4]. The use of date palm fronds-derived
biochar in building materials has the potential to reduce carbon footprints and mitigate
climate change [62]. The ability of biochar to sequester carbon in stable forms and capture
CO2 directly from the atmosphere in building materials and the addition of CO2-saturated
biochar have a vital role. Even with a lack of studies on this topic, building materials
that contain date palm fronds derived from biochar have superb possibilities for reducing
carbon footprints and mitigating climate change [63].

3.5.4. Threats

Various potential barriers that may restrict date palm derived biochar-concrete com-
mercialisation of biochar-concrete are listed in Table 2. Although biochar-concrete knowl-
edge is progressively expanding, biochar production’s cost and engineering shortcoming
is still challenging. Biochar production is an energy-intensive process that may increase
biochar cost compared to cement. Therefore, an efficient design for biochar production is
needed, which is economically feasible, improves biochar quality, and reduces net green-
house gas emissions. Additionally, extensive research and development are required to
identify sustainable and cost-efficient alternative production approaches to mitigate energy
use. The new techniques would ensure biochar strength and market potential as sustainable
future materials in the concrete industry.

3.6. Technical and Economic Feasibility of the Biochar-Concrete System

The possible emissions of GHGs to the environment because of the decay/decomposition
of the biomass are avoided by the process of valorising the biomass to produce biochar.
Reducing GHG emissions of CO2-eq./kg in the biochar life cycle using different biomass
was estimated. In addition to reducing the net emission of GHG, the use of biochar in
concrete has played a vital role in improving its chemical and mechanical properties.
Most studies in the past showed significant improvements in concrete’s compressive and
flexural strength [3,64–68]. Other mechanical properties of concrete, such as toughness,
flexibility, elongation, permeability, thermal stability, and thermal conductivity, were also
observed [19,64,69,70]. Despite a relatively high cost of production of biochar [71], com-
pared to natural filler materials such as sand, it is still considered a better construction
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material due to its associated environmental benefits of reduced CO2-eq./kg as well as the
generation of other value-added products such as syngas, bio-oil production in pyrolysis.

Apart from the environmental and other technical benefits of using biochar in concrete,
its economic viability is crucial in deploying it in the construction industry. Kung et al. [72]
reported a higher and more feasible feedstock value of 10.98 $/t for biochar production
by slow pyrolysis compared to a correspondingly lower value of 2.85 $/t pyrolysis. A
lesser value of biochar production in fast pyrolysis is due to higher net losses of feedstock
and is considered unviable both in economic and environmental profits. A more excellent
feedstock value in slow pyrolysis is a viable solution for biochar production. As reported
by several researchers, [73] biochar production from forest residue using a portable system,
the cost of biochar production can be further reduced, equaling 470 $/t of oven-dried by
technologically improving the portable system.

4. Conclusions

In this research, biochar derived from date palm waste was used as an additive to
concrete at the different mass compositions of 0.25 wt% to 1.5 wt%. The performance
of biochar-concrete specimens derived from date palm waste was examined by the fresh
concrete specimen’s representative mechanical and durability characteristics. The following
conclusions can be drawn based on the outcomes:

1. The compressive strength of biochar-concrete increased with increasing biochar con-
tent and showed a maximum 28%, 26%and 29% improvement in power at 28-day age
with the incorporation of 0.75%, 1.00%, and 1.50% of biochar. The biochar-concrete
containing 0.75 wt% biochar loading indicated 16% higher flexural strength than
the control mix. The increased surface area, small particle size, and water retention
capability of porous biochar lead to a denser concrete matrix, formation of cement
hydrates, and filler effect resulting in stronger concrete.

2. Biochar-concrete showed high values (>7.79 km/s) of UPV demonstrating high-
performance concrete. The electrical resistivity reduced linearly with the incorporation
of biochar. This confirmed the formation homogeneous and denser biochar-concrete
network resulting in lower permeable concrete.

3. The SWOT and techno-economic assessment analysis further corroborates that the
biochar-concrete system possessed the high potential to be commercially adopted as
green and sustainable material despite the economic and engineering challenges.

4. In general, it is suggested that biochar derived from Saudi agriculture waste can be
used as a beneficial product for infrastructure designs requiring high-performance
and durable building materials to attain technical and environmental benefits.
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Abstract: A main global challenge is finding an alternative material for cement, which is a major
source of pollution to the environment because it emits greenhouse gases. Investigators play a
significant role in global waste disposal by developing appropriate methods for its effective utilization.
Geopolymers are one of the best options for reusing all industrial wastes containing aluminosilicate
and the best alternative materials for concrete applications. Waste wood ash (WWA) is used with other
waste materials in geopolymer production and is found in pulp and paper, wood-burning industrial
facilities, and wood-fired plants. On the other hand, the WWA manufacturing industry necessitates
the acquisition of large tracts of land in rural areas, while some industries use incinerators to burn
wood waste, which contributes to air pollution, a significant environmental problem. This review
paper offers a comprehensive review of the current utilization of WWA with the partial replacement
with other mineral materials, such as fly ash, as a base for geopolymer concrete and mortar production.
A review of the usage of waste wood ash in the construction sector is offered, and development
tendencies are assessed about mechanical, durability, and microstructural characteristics. The impacts
of waste wood ash as a pozzolanic base for eco-concreting usages are summarized. According to the
findings, incorporating WWA into concrete is useful to sustainable progress and waste reduction
as the WWA mostly behaves as a filler in filling action and moderate amounts of WWA offer a
fairly higher compressive strength to concrete. A detail study on the source of WWA on concrete
mineralogy and properties must be performed to fill the potential research gap.

Keywords: geopolymer concrete; waste wood ash; environmental impact mechanical properties;
durability

1. Introduction

Globally, 0.74 kg of solid waste is generated per capita per day, with national rates
varying between 0.11 and 4.54 kg per capita per day depending on urbanization rates and
income levels [1–3]. The Europe and Central Asia regions, with 20% (392 million tons per
year), rank second in solid waste generation [4–6]. The overall composition of waste mainly
corresponds to organic and green waste (44%); paper and cardboard (19%); other materials
(14%); plastics (12%); glass (5%), metal (4%); wood (2%); and rubber and leather (2%). As for
waste treatment, it mainly focuses on recycling (20%) and incineration (17.8%), providing
the possibility of giving a new useful life to the materials after their use and ensuring
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adequate final disposal [7]. This is in line with the adaptation of a circular economy as a
novelty and eco-friendly production model. In the specific case of the construction industry,
part of the environmental impact is due to the demolition of structures, which generates
different types of solid waste. On the other hand, the use of cement in the production of
bricks/block and concrete, which is used in the latter to make it more resistant [8], implies
a significant anthropic emission of carbon dioxide (CO2) of 5–8% worldwide, which could
increase, according to projections, to 27% by the year 2050, especially taking into account
that one cubic meter of concrete is produced annually per person [8–11]. Based on this
reality and the projected scenario, the cement and concrete industry has been developing
a series of strategies and innovations to reduce CO2 emissions. One of these innovations
is the production of geopolymers to be used as alternative materials to replace all or
part of the ordinary Portland cement used in construction, which is obtained either from
metakaolin or from industrial, forestry, and agricultural waste with a high aluminosilicates
content [12–15]. A geopolymer is a binder of mineral origin (inorganic) obtained from
the dissolution [16–19] and subsequent polycondensation of ashes rich in aluminosilicates
in the presence of an alkaline solution (hydroxides and silicates of alkali metals, Na and
K) [13,20,21]. Additionally, the use of mixed geopolymers, which are generated by the
combination of two or more types of chemically stabilized industrial wastes or ashes, has
been considered [22]. The use of this type of materials can reduce CO2 production by up
to 90%, while preserving or even improving their mechanical properties (e.g., porosity,
structure, compressive strength, water absorption, and durability) [12,23].

Several researchers have devoted themselves to using different raw materials for the
production of concrete, for example, agricultural residues such as rice husk ash and palm
oil ash [24], sugar cane bagasse [25,26], and corn cob ash [27], finding good results in the
properties of concrete [28]. On the other hand, wood waste ashes [29,30] have emerged as a
good option for the fractional replacement of binder and kaolin used in the formation of
geopolymers, since in addition to increasing workability, porosity, and drying shrinkage,
these wastes are given an alternative use, and potential environmental pollution [29–33]
is reduced by their entry into the environment, contributing directly to sustainable de-
velopment [34,35]. Ekaputri reported [36] obtaining a concrete (geopolymer) with high
compressive strength (48.5 MPa to 48.5 MPa) from class F ash with 10 mol/L NaOH due to
the generation of hydroxide ions that significantly influence the dissolution of the Si and Al
atoms of the source material. Despite the advantages of using high concentrations of alkali
(NaOH, between 8–10 M) to obtain a high compression strength product of 104.5 MPa and
71 MPa for the paste and mortar, as well as a lower change in length due to temperature
and water evaporation that have the lowest shrinkage percentage [37], it has been proven
that the use of ashes from forest biomass (wood) can decrease the requirements of alka-
line activators by up to 20% without the loss of properties [38–41]. However, when the
substitution level of these ashes is higher than 10% by mass, the mechanical properties of
the geopolymer are affected [42–45], proportionally reducing the compressive and flexural
strength of the mortars, for all curing times [35]. Likewise, it is highlighted that different
conditions can be used during the process of obtaining geopolymers, such as the type of
curing, humidity control, temperature, concentration and proportions of alkaline activators,
type and quantity of raw material or proportions of starting materials (in case of mixtures),
which will influence the properties of the final product. Among the findings, it can be
mentioned that the increase in SiO2/Al2O3 ratios positively influences the mechanical
compressive strength of geopolymers [15], and it was found that the inclusion of 5–15%
wood ash in the process can generate greater strength and durability depending on the
age (aging time) of 3–7 days as a consequence of the formation of gels and minerals that
increase alkalinity [12]. Research has also been conducted on the effects of the solid–liquid
ratio and the alkaline activator in the synthesis of pure geopolymers. Alves et al. [46] used
as precursor material ground blast furnace slag with a solid–liquid ratio between 1.5 and
2.2, and as activator solutions (a) a sodium hydroxide/sodium silicate/water mixture and
(b) a potassium hydroxide/potassium silicate/water mixture, finding that the resulting
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geopolymer possessed high compressive strength depending on the solid–liquid ratio and
the percentage of water added to the mixture, which is further impacted by the composition
of the activating solution. They also noticed that the strength increases with aging [46].
Currently, the addition of plastics to the optimized wood ash-based geopolymer is being
tested; for example, in the case of polypropylene (PP), it has been reported that the ad-
dition of 1% PP fiber generates an increase in compressive, tensile, and flexural strength
by 3.7%, 15.6%, and 10%, respectively [47]. Other types of materials are also being devel-
oped. Kristály et al. [48] produced a composite of geopolymer foam and glass to obtain a
lightweight and environmentally friendly concrete from waste materials (secondary raw
material), which is a valuable building material useful for thermal and acoustic insulation
of walls that is also heat-, fire-, and acid-resistant [48].

Cement consumption in the world currently amounts to approximately 3 billion tons,
which translates into 1.5 billion tons of carbon dioxide emitted into the environment [34].
According to the United Nations, the world population has increased in recent years, from
5300 million inhabitants in 1990 to 7300 million inhabitants in 2015; with a projected increase
by the year 2050 of 24.74%, the requirements for cement, concrete, and other types of
construction materials will increase significantly [49]. In this sense, the development of new
and better alternative materials for the efficient substitution of cement for other materials
at a global level will reduce production costs while reducing emissions, contributing to
goals 11 and 13 of the 2030 Agenda for Sustainable Development, “Make cities and human
settlements inclusive, safe, resilient and sustainable” and “Climate action”, respectively.
This literature review focuses on the approach to the processes for obtaining geopolymers
from the use of wood ash, as well as the physical and chemical effects that take place under
different production conditions. As per the authors’ best knowledge, no significant review
study exists on the physical, chemical, strength, durability, and microstructural analysis of
concrete, which points to the originality of present work.

2. Environmental Impact of WWA

2.1. Air Pollution

Energy extracted from burning the wood results in the formation of WWA. WWA is
very fine, which results in the ease of pollution causing respiratory problems for human be-
ings and animals around the site of WWA production [50]. Loose ash has a high possibility
for harmful influence on ground vegetation [51], predominantly to the cover and certain
kinds of moss groups [52].

2.2. Land Pollution

WWA is problematic if spread regularly and requires slow delivery rates from spread-
ers [51]. Because of the huge variety of WWA quality, reliance on the sort of chemical
structure of WWA is needed before demonstrating the direction of management as agri-
cultural or forest-related systems [53]. WWA recycling to agricultural or forests appears a
decent environmental solution, but there are a lot of possible difficulties related to its use in
systems, which are more multifaceted [51].

2.3. pH Increase

The topsoil of the system is affected by pH differences and its blocks the crop or tree
to obtain enough amount of nutrition from the soil. The delivery rate of calcium to soils is
reliant on the primary shape of the ash, with loose ash such as WWA possibly instigating a
temporary quick increase in pH in the soil [54]. For the first 7 years, the soil under 100 mm
depth had a very minor change in pH value after WWA application, but after 16 years, an
increase in pH value was observed [51]. The land dumping of WWA results in the slow
transfer of pH from the topsoil to bottom soil, which can be observed over time. There
is an increase in the pH of runoff water over the same period where WWA is applied, as
observed by Fransman et al. [55].
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2.4. Higher Production Rate

Approximately 2.5 kilo-tons of WWA are annually discarded in lands, as of 2006 [51],
but it may increase at a high rate and a decrease in forest land has been observed. In
several countries across the globe, 90% of WWA is sent to landfill and the balance part goes
as land applied purpose, co-composed with sewage sludge [51]. Apart from the several
environmental effects discussed above, Pitman et al. (2006) [51] studied specifically soil
properties and soil vegetation.

2.5. PH Affects the Nutrition (Phosphorus, Nitrogen, and Potassium) Addition of Soil

When WWA is in contact with water, the pH solution becomes higher as the hydroxides
and oxides in the WWA are dissolved and hydroxide ions are developed. WWA has a
liming impact when introduced into soils and could be utilized to neutralize acidity. Three
tons of WWA have a liming effect equal to one ton of quicklime. The solubility of different
nutrition elements in the WWA varies considerably. Generally, the solubility of the nutrients
elements are in the order of potassium > magnesium > calcium oxide > phosphorus [56].

2.6. Heavy Metal Contamination of Soil

pH, organic material content, and hydrous oxide play the main roles in the adsorption
of heavy metals from the soil [57]. When WWA dissolves in an acid environment such as
soils in forests, the alkalinity of WWA is consumed and the metals are exposed to a pH
far lower than that of the ash, causing higher solubility [56]. WWA could also have high
concentrations of heavy metals due to the fuel, which is contaminated. Wood from and
wood preservers and demolition in waste wood generally comprise higher proportions of
heavy metals. As a result of the relatively low volatilization temperatures for many of the
heavy metals, they become enhanced by WWA. In the combustion of untreated wood [58],
the concentrations of lead and antimony are one order of magnitude higher, while the
concentrations of arsenic, cadmium, chromium, copper, nickel, and zinc are approximately
twice as high.

2.7. Soil Water Leachate

Williams et al. (1996) [59] observed that there are amplified concentrations of both
calcium and potassium in groundwaters and soils, with some movement of aluminum
and magnesium in it. In a long-term experiment, soil leachate at a 20 cm depth taken from
mineral soils displayed elevated levels of calcium, magnesium, and potassium, but no
significant impact on nitrate concentration, pH or Cd, Cu, Cr, and Pb levels [51]. The storage
of moistened WWA in the air led to an adverse effect: it increased potassium leaching. The
leaching of phosphorous, magnesium, and metal species from the ash matrix is generally
low with a high pH prevailing in the water phase during short-term leaching [60].

3. Source and Production of WWA

As per Grau et al. [61], the WWA obtained from the total amount of available quantity
is from 0.4 to 2.1%.

4. Physical and Chemical Compositions

4.1. Physical Properties

As per the report from Etiegni and Campbell et al. [62], 80% of WWA consists of
particles size less than 1.0 mm and the balance is unburned wood particles with different
sizes. Specifically, WWA consists of 25.4% of fine particles, which are less than 75 μm. Wood
ash shows a relatively high specific surface area that provides good absorption. The specific
gravity of WWA is 2.41, pH 12.57, average particle diameter d50 (mm) is 0.223, bulk density
(kg/m3) is 663–997, and specific surface area (m2/kg) is 4200–100,600 (Grau et al., 2015) [61].
An increase in the particle size increases the concentrations of aluminum, arsenic, barium,
and copper, and decreases the concentrations of boron, cadmium, manganese, lead, zinc,
potassium, magnesium, and calcium [63].
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4.2. Chemical Properties

Wood combustion produces highly alkaline ash (pH varies from 9 to 12) [62]. Ash
yield is decreased approximately to 45% with an increase in burning temperature from
538 ◦C to 1093 ◦C. The metal contents in ash increase with the increase in the burning
temperature. With the increase in the burning temperature, elements such as calcium, iron,
magnesium, manganese, and phosphorus increase, and elements such as zinc, potassium,
and sodium decrease [62].

The alkalinity of WWA depends on the carbonate, bicarbonate, and hydroxide content
in it. WWA composition also varies during storage and under different environmental con-
ditions as carbon dioxide and moisture react with WWA to form carbonates, bicarbonates,
and hydroxides [62]. An increase in potassium, sodium, and manganese concentration
increases linearly with ash concentration. The leaching of these elements increased to result
in a decrease in pH. Table 1 shows the chemical elements of different types of ashes.

Table 1. Chemical elements of the ashes (ppm) [53].

Type of Ash P K Ca S Cu Fe Mn Zn Ni Cr Pb As

Birch wood 20,853 71,290 132,583 5631 97.10 6518 17,585 212.67 34.91 39.07 40.48 1.01
Pine wood 18,618 116,436 201,109 7142 196 3665 10,693 193.13 45.84 62.04 28.89 1.59

Oak wood 15,071 57,331 156,738 5107 190.67 9256 10,114 169.33 125.67 89.87 54.49 1.91

Horen beam
wood 16,548 69,905 249,050 3956 140.67 8598 18,587 155.0 158.67 10.65 40.20 1.13

Ash wood 17,967 70,442 279,785 3077 121.00 5758 10,545 183.0 24.84 30.66 15.31 0.78

Wood residue
chips—forest 17,680 69,104 203,935 1546 188.0 3403 6920 171.0 110.33 95.64 50.67 1.44

Wood residue
chips—municipal 32,039 108,081 245,075 8464 181.0 4678 2815 320.33 176.33 25 12.69 0.13

Poplar wood 6419 64,985 173,872 5015 96.92 4612 549.67 81.41 26.19 20.57 9.65 0.18

Willow 3342 37,339 135,981 4732 123.5 2662 910 394.0 32.0 45.97 8.93 0.34

Acacia wood 2679 38,799 227,225 1826 158.0 6156 794.3 244.0 59.72 36.31 15.83 0.49

Average (%) 15,121.6 70,371.2 200,535.3 4649.6 149.286 5530.6 7951.297 212.387 79.45 45.578 27.714 0.9

Zajac et al. [53] divided ash components into three categories based on their concen-
tration: 1. macro-elements: phosphorus, potassium, calcium, and sulfur; 2. micro-elements:
manganese, iron, copper, and zinc; 3. toxic elements: chromium, nickel, arsenic, and
lead. The quantity and quality of WWA content depend upon the organic, inorganic, and
impurity elements present in it. The chemical and physical characteristics of WWA depend
upon on the sampling point, the sort of biomass, plant kind, growth process, growth
circumstances, plant age, fertilization, the applied dosage of plant protection products,
harvesting conditions, and process of burning (preparation of fuel, burning method used,
and circumstances) [51,53].

Szakova et al. [64] determined the chemical composition of WWA (wood chips and
wood waste) using the XRF technique. Different elements analyzed (in ppm) were P:
5300–10,800; S: 1200–11,100; K: 38,000–58,000; Ca: 78,000–159,000; Cr: 118; Mn: 6200–10,700;
Fe: 29,300–34,800; N: 28.9; Cu: 153; Zn: 300–1100; As: 9.8; and Pb: 313. Tarun et al. (2003)
revealed the subsequent elements in wood ash: C (5% to 30%), Ca (5% to 30%), carbon (7%
to 33%), K (3% to 4%), Mg (1% to 2%), P (0.3% to 1.4%), and Na (0.2% to 0.5%). Elemental
arrangement varies for WWA because ashes derived from branches and roots are rich in
many elements than those derived from stem wood [51].

The following compound composition limits were also reported: titanium dioxide (0%
to 1.5%), sulfur trioxide (0.1% to 15%), silica (4% to 60%), aluminum oxide (5% to 20%),
ferric oxide (10% to 90%), magnesium oxide (0.7% to 5%), potassium oxide (0.4% to 14%),
calcium oxide (2% to 37%), loss of ignition (0.1% to 33%), moisture content (0.1% to 22%),
and available alkalis (0.4% to 20%). Table 2 shows the chemical compounds in waste wood
ash that were obtained in past research.
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WWA is usually very low in nitrogen because it evaporates during incineration. Trace
elements such as boron (B), molybdenum (Mo), copper (Cu), and zinc (Zn) have been
observed in WWA, which are called micronutrients [65].

Table 2. Chemical compounds of WWA from past studies.

SiO2 Al2O3 Fe2O3 CaO MgO K2O NaO L.O. I Ref.

31.8 28 2.34 10.53 9.32 10.38 6.5 1.13 [66]
32.8 27.0 2.2 11.7 9.1 10.5 6.7 0.7 [61]
30.4 26.5 1.9 12.8 9.4 11.4 5.9 1.7 [67]
32.4 27.4 2.1 10.3 9.4 10.85 6.4 1.15 [68]
31.8 28.2 2.4 10.6 9.2 10.80 6.0 1.00 [69]
33.6 27.8 2.6 11.2 8.3 10.2 5.7 0.60 [70]
32.7 26.4 2.2 10.25 9.45 10.45 7.21 1.34 [71]
31.5 26.3 2.6 10.4 9.3 10.72 8.2 0.98 [72]

5. Influence of Waste Wood Ash on Hardened Concrete

5.1. Strength Properties

Waste wood ash is an easily available agricultural discarded material that enhances the
workability, quality of microstructure, and improves the strength characteristics of concrete
samples. The key characteristics of concrete can be enhanced, and most importantly, the
time for hydration is reduced due to the pozzolanic effect [70]. The distinct proportioning
of the mix can be achieved by substituting cement with waste wood ash and slag and other
supplementary cementitious materials (SCMs). The different characteristics of concrete
from the previous literature that were assessed through different forms of strength and
durability testing are presented in Table 3.

The properties of various mixes have been studied with different water to binder ratios.
The optimal dose was 20% WWA with rice husk ash, which improved the compression
strength significantly and also showed enhanced durability [73]. Because of the low amount
of silica in waste wood ash, a low water to cement ratio of 0.4 was selected. Ramos et al.
noted that waste wood ash seemed a potential fractional substitute pozzolanic material
for cement because it improves strength and durability characteristics and also assists in
making concrete sustainable [68].
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5.2. Effect of Waste Wood Ash (WWA) on the Durability Characteristics of Concrete
5.2.1. Acid Resistance Test

Dashibil and Udoeyo (2002) [81] examined the capability of waste wood ash concrete
to withstand acid tests. Two groups of samples had a similar content of aggregates, water,
and binder. The only difference was that the first group had only cement as the primary
binder and the other group had 15% waste wood ash as a fractional binder substitute. The
concrete samples were dipped in strong acid (sulfuric acid) for 54 days. It was revealed
that concrete samples that had waste wood ash had a less decrease in their mass loss in
comparison to concrete with no waste wood ash at all.

Ejeh and Elinwa (2004) [82] investigated the impact of adding WWA in samples for
acid tests against the possibility of corrosion. Two sorts of acids were tried; one was sulfuric
acid and the other was nitric acid at 20% concentration. One group of samples had 10%
WWA utilized as a fractional binder substitute and the other group of samples was the
same as the previous mixes but without WWA. Both groups of samples were dipped in both
sorts of acids for 35 days. It was noticed that, in samples with 10% WWA, their resistance
to nitric acid was much more enhanced because the loss in mass was lower in comparison
to the samples with no WWA, as shown in Figure 1. However, samples with 10% WWA
had less resistance to sulfuric acid in comparison to samples with no WWA. This is because
of a higher loss in the weight of 10% WWA concrete in comparison to the control sample
when dipped in 20% H2SO4, as shown in Figure 2.

Figure 1. Change in concrete mass with a period of dipping samples in nitric acid (data from
reference [82]).

Figure 2. Change in concrete mass with a period of dipping samples in sulfuric acid (data from
reference [82]).
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5.2.2. Water Absorption

Ejeh and Elinwa (2004) [82] inspected the influence of the inclusion of WWA as a
fractional binder substitute in mortar blends on the properties of water absorption. Two
groups of mortars were developed with similar mixing content except for cement; one blend
had only cement as a binder and the other one had 15% WWA as a fractional substitute of
cement in the blend. It was revealed that the addition of WWA as a binder substitute at
15% of cement weight assisted in decreasing the water absorption of the developed blends.
The mean water absorption of the blends with 15% WWA and no WWA proportions were
noted to be 0.75% and 1.30%, correspondingly, but both of the blends were still lower than
10% of the highest water absorption criteria.

Udoeyo et al. (2006) [67] studied the characteristics of water absorption with WWA as
a fractional binder substitute material. Sample blends with proportions of WWA ranging
from 5 to 30% at an interval of 5% were developed to evaluate the water absorption proper-
ties. The water absorption of the sample with WWA as a fractional binder substitute was
noted to rise steadily from 0.15 to 1.10% with a rise in the proportion of binder substitution
from 5% to 30%, as displayed in Figure 3. At proportions of binder substitution by WWA
up to 30%, the developed sample had still reasonable values of water absorption under
10%, which is a tolerable criterion for all of the materials that are used for construction.

Figure 3. Co-relation of water with WWA in concrete (data from reference [82]).

5.2.3. Permeability of Chloride Test

Wang et al. (2008) [83] examined the resistance against the permeability of chloride of
air entrained in the sample with a fractional substitution of the binder with wood/coal fly
ash (WCFA) and wood fly ash (WFA). Proportions of binder substitution by different sorts
of FA were utilized as a fractional substitution of binder, such as Class F fly ash, class C
fly as, ash from the combusted wood, and coal fly ash. All the concrete specimens were
placed in water for 56 days before placing in the chloride permeability test, and the chloride
permeability test was conducted per ASTM C 1202 [84]. From the test outcome, it was
revealed that the inclusion of WWA at a 25% substitution of cement in the sample had no
adverse effect from the chloride on the concrete. The usage of class F/coal mixed and wood
ash in fractional replacement of cement had considerable help in dropping the permeability
of chloride property of the sample. A minor rise in the permeability of chloride in the
sample mix with 25% WWA as cement substitute was noted in comparison to the control
sample, perhaps ascribed to the coarse size of WWA particles (30 to 130 microns).

Horsakulthai et al. (2010) [73] investigated the impact of adding very fine ash from the
combustion of rice husk, wood, and sugarcane waste from bagasse as a fractional binder
substitute on the permeability of chloride of a developed blend of concrete. To assess the
concrete permeability of chloride, an accelerated salt ponding technique was utilized for
two distinct grades of concrete (grades 20 and 35) developed by the inclusion of ash from
rice husk, wood, and bagasse at cement substitution proportions of 0, 10, 20, and 40% of
cement weight. The test outcome revealed that the inclusion of fine size ash from rice
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husk, wood, and bagasse as a fractional replacement of binder in the sample led to the
improvement in permeability against chloride and also reduced the coefficient of chloride
diffusion. The existence of fine size ash from rice husk, wood, and bagasse in a blend at
binder substitutions of 10, 20, and 40% caused a decrease in the coefficient of chloride
diffusion by 35–45%, 65–75%, and 80% correspondingly, as compared to the reference
mix with only Portland cement as a binder. The inclination of a steady decrease in the
coefficient of chloride diffusion for the two distinct grades of concrete was evaluated. The
raising dose of binder substitution by ash from rice husk, wood, and bagasse is displayed in
Figure 4. The term “PC” in Figure 4 denotes plain concrete; BRWA denotes co-combination
of bagasse, rice and waste wood ash; and the numbers after them denotes their percentage
added in the mix.

Figure 4. Coefficient of the chloride diffusion of samples at 28 days (data from reference [82]).

5.2.4. Alkali Silica Reaction (ASR)

Baxter and Wang (2007) [85] studied the conduct of expansion in mortar blends due to
ASR comprising an opal aggregate, which is a very reactive, highly alkaline cement, and
three distinct sorts of fly ash (FA). The different sorts of FA were acquired from heating
the class C coal. Four groups of mortar blends with the same proportions of ingredients
were arranged. The first group of mortar had only Portland cement as a binder and the
remaining three groups of mortar blend had three distinct sorts of FA utilized at a uniform
dose of binder substitution with 35% of cement by weight. The test outcome revealed
that coal fly ash had a higher quantity of alkaline matter as compared to class C FA. The
utilization of coal FA in the blend of mortar was revealed to be capable of decreasing the
expansion of the alkali-silica reaction at 180 days under 0.1% (highest expansion stated
by ASTM C33) from 0.27%. This happened with the reference blend of mortar having
Portland cement as the only binder. Between the different sorts of fly ash that were tested,
coal fly ash was revealed to have optimal behavior in the mitigating expansion of the
alkali-silica reaction.

5.2.5. Shrinkage Test of WWA Concrete

Naik et al. (2003) [86] examined the dry shrinkage characteristics of sample mixes
developed by the inclusion of WWA as a fractional binder substitution material. For blends
developed in the research, WWA was utilized at cement replacement levels of 0, 5, 8, and
12%. A variation in length in the formed concrete samples was observed up to 240 days. It
was revealed that the value of shrinkage for the reference concrete samples was 0.009% for
7 days and 0.05% for 240 days. The values of shrinkage for sample mixes with 5, 8, 12%
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were observed to be 0.01–0.02%, 0.0139–0.014%, and 0.049–0.044%. From the test outcomes
of dry shrinkage, it was noted that the incorporation of WWA considerably helped in the
decrease in the extent of concrete upon drying. This is an essential property that could
reduce the development of micro-cracks within the sample upon drying.

6. Microstructural Study

Garcia et al. [71] studied the microstructure properties with the help of a scan electron
microscope (SEM) of ground waste wooden ash, obtained from forest regions surrounding a
power plant in Portugal. From the SEM images, it was observed that ground waste wooden
ash has two governing properties of particles and fibers in layers. The SEM micrographs of
the ground waste wooden ash at higher magnification and electron dispersive X-ray (EDX)
spectra are shown in Figure 5.

Figure 5. SEM micrograph and EDX analysis of waste wood ash (used with permission from
Elsevier [71]).

Awolusi et al. [87] investigated the microstructure characteristics of OPC mortar with
waste wood ash from sawdust. The mortars were developed with WWA ranging from 0 to
10% with a water to binder ratio of 0.6. SEM micrograph displayed maximum inter-spatial
distance between the particles of WWA in comparison to the binder, which was dense with
each other [87]. The SEM outcomes of a composite made from corn cob–polypropylene–
WWA displayed that the pores present in matrix become smaller as the proportion of WWA
was raised. This can be attributed to the pores between the corn cob and polypropylene
being filled by the waste wooden ash. Due to the increased dose of waste wooden ash
in the mix, the stress concentration stretched, and the shape of WWA was revealed to be
considerably small; thus, the distances became very less. The bridging behavior of waste
wooden ash could lead to a maximum wrap among corn cobs [88].

It can be observed from the SEM image shown in Figure 6 that waste wood ash with
silica fume enhanced the matrix when the ash was dispersed uniformly. Figure 6 shows the
study of pores enclosed in the reference sample and sample with different proportions of
waste wood ash and silica fume. The doses of waste wood ash and silica fume added to the
mix considerably impacted the pores shaped in concrete mortars. The proof of this effect
is displayed in the formation of larger pores in the reference specimen. Concrete mixes
utilized different proportions of silica fume and waste wood ash by substituting the binder
with 15% reduced estimate of pores. This positive test outcome was due to the rich silica in
the silica fumes [76].

Chowdhury et al. [80] studied the X-ray diffraction of waste wood ash concrete.
Figure 7 displays the X-ray diffraction spectra of waste wood ash concrete. The hump
specifies that the specimen was formless, with the peaks of silica demonstrating a crys-
talline behavior. Thus, waste wood ash comprises silica in crystalline and formless shapes.
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Crystals of silica present high peaks at 29 degrees at 2-theta. Formless silica concentrates in
the mixture as a suitable binder substitution material due to its pozzolanic behavior [80].
Similar observations were also noted by Elahi et al. [89] from the X-ray diffraction spectra
of waste wood ash, which displayed the existence of formless silica, although only in low
proportions. A study of the waste wood ash concrete microstructure showed that the
inclusion of waste wood ash impacted the pore estimations, and a significant reduction
in porosity occurred [90]. The succeeding samples showed a microstructure that was very
dense with a lower permeability [90].

Figure 6. Pores in the reference concrete and reference sample with different proportions of WWA
and SF (used from an open source journal of MDPI [91]).
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Figure 7. XRD analysis of waste wood ash (used with the permission from Elsevier [71]).

WWA consists of particles sizes that vary between 10 μm and 200 μm, as is observed
in Figure 8. The shape and size of particles vary for WWA with small particles adhering to
the surface, as is observed. WWA consists of particles with an irregular shape due to the
inorganic particles present in it (Etiegni and Campbell, 1991) [62].

Figure 8. SEM image of WWA (Grau et al., 2015) (Used from an open source journal of MDPI [61]).

7. Effect of WWA Concrete on the Environment

WWA can have a positive influence in developing cement from an environmental
standpoint [92]. The mineralogical and physical assembly of burning ash, such as WWA ash,
and the availability of metals depend on the treatment of temperature and feed material [93].
The last method for using waste wood ash must be appropriately sustained due to the
fineness of particles and lenience of air pollution, which can lead to breathing issues for the
public near the manufacturing places [50]. In addition to this impact, the impact of waste
wood ash on acidic material can result in releasing heavy metals into the environment [67].
Thus, issues have to be raised and more studies must be performed on the environmental
impacts of waste wood ash concrete. Udoeyo et al. [67] utilized waste wood ash as a
mineral material to research its effect on the environment and revealed that, if the waste
wood ash is discarded in lands, then acidic rain releases heavy metals to the surrounding
area. Thus, the usage of waste wood ash decreases pollution by reducing the necessity of
discarding [73].

Gorpade et al. [72] assessed the impact of the inclusion of waste wooden ash from 0%
to 30% in concrete. It was revealed that up to 10% of cement can be efficiently substituted
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with waste wood ash. If waste wood ash is utilized as a mineral material in concrete, the
amount of discarded WWA and its adverse effects on the environment can be diminished
significantly. Adding waste wood ash as a substitute for cement decreases the usage of
cement in concrete, which reduces the manufacturing cost of binders and its related outflow
of harmful gases. Waste wood ash is a very fine material compared to cement and it
can fill all the voids within the microstructure of concrete, which makes it hard for the
outside chlorides or salts to enter the concrete. Making concrete buildings near the sea
areas with waste wood ash concrete is recommended to avert structure catastrophes from
heavy salt-oriented climates [94].

Waste wood ash seems to be an auspicious pozzolanic material for the partial replace-
ment of binder, with no reduction in concrete strength, with enhanced durability of sample,
and contributing significantly to the sustainability of the construction industry [68]. Waste
wood ash in samples help to makes an eco-efficient substitute cementitious material, which
is efficient and cost-friendly [80]. Studies [70,95] have been performed to evaluate the
creation of sustainable construction material by providing waste wood ash as a binder re-
placement material. The natural influence of the usage of waste wood ash in cement mortar,
carbon impression, and the degree of consumed energy was taken as a major parameters
that can be used as a quantitative limitation to signify the likely recompences of waste
wood ash applications in cementitious materials. The study was carried out according to
the exclusive method shown by Pavlikova et al. [69]. Waste wood ash can be an actual
pozzolanic additive used as a partial substitute of cement to assist in the environmentally
friendly concrete construction of buildings.

8. Conclusions

The quality and quantity of waste wood ash are dependent on different features, specif-
ically, the temperature of the burning of waste wood and the type of burning technique
utilized for waste wood. Thus, the appropriate classification of WWA is obligatory before
its usage as an ingredient material in the development of geopolymer concrete mixes.

• The distribution of wood ash particles is usually grainier as compared to cement. How-
ever, the specific surface of WWA is moderately smoother than that of Portland cement
because of the higher irregularity in wood particles and their permeable behavior.

• The chemical arrangement of WWA differs considerably within types of trees from
which the biomass of wood is obtained, but it is usually rich in CaO and SiO2 elements.

• Binders blended with WWA as a fractional substitute have higher initial and final
times and high standard consistency. Geopolymer mixes having WWA are inclined to
have a low heat of hydration.

• A considerable amount of ettringite crystals is shaped within a paste of binder upon
the hydration of OPC–WWA geopolymer samples, specifically at high doses of binder
replacement with WWA.

• Geopolymer mixes of mortar and concrete comprising WWA as a fractional substitu-
tion of the binder have more water requirements to obtain a desirable level of slump
value in comparison to similar geopolymer mixtures with no WWA.

• The addition of WWA as fractional binder substitution in mixes of mortar and concrete
at a high dose of binder substitution could lead to a steady decrease in the bulk density
of hard mixes of geopolymer mortar and concrete.

• Usually, the inclusion of WWA as fractional binder substitution in the preparation
of geopolymer concrete blend decreases the compression, flexural, and split tensile
strength of geopolymer concrete. However, there are hopeful outcomes as the addition
of WWA at a low dosage level of binder substitution truly assisted in the improvement
of the compression strength of the developed mixes of geopolymer concrete. WWA as
a fractional substitute for binder at a substitution level of 10% by binder weight can
make geopolymer mortar or concrete, which can be produced and utilized in building
applications with suitable strength and durability characteristics.

189



Materials 2022, 15, 5349

• Metakaolin can be utilized as an activator for making geopolymer concrete or mortar
with WWA as a fractional substitute of binder to improve the mechanical strength of
geopolymer concrete or mortar.

• Geopolymer concrete blends comprising WWA as fractional binder substitute display
more resistance against rusting when exposed to strong acids in comparison to mixes
with no WWA.

• Geopolymer concrete blends having more quantity of WWA as a partial substitute of
binder can have a high degree of water absorption.

• The utilization of WWA as fractional replacement of binder in geopolymer concrete
blends at substitution levels of up to 25% by binder weight does not have detrimental
impacts on the resistance of the geopolymer concrete against chloride ion diffusion.
Furthermore, the utilization of 80% fly ash and 20% WWA in geopolymer concrete
considerably improves the sample’s capability to resist chloride ions diffusion.

• The advantage of present study is that the addition of very fine size WWA, made from
burning of rice husk, wood, bagasse, assists considerably in enhancing the durability
characteristics of the geopolymer sample in terms of ASR and resistance against
chloride ions. The existence of WWA in geopolymer concrete had a considerable role,
as it reduced the extent of the geopolymer sample’s drying shrinkage considerably.

• The disadvantage of present study is that, to make WWA, it needs a considerable
higher degree of fire to burn the waste wood, which will need a lot of energy and
resources, and finding naturally burnt WWA is highly difficult.

9. Recommendations

Waste wood ash has the possibility of being a substitute construction material for
sustainability purposes, as a fractional substitute of binder and aggregates. The usage of
waste wood ash in large volumes is conceivable. Some research has been conducted on this
and some hopeful outcomes have been observed, as WWA can be utilized as an eco-efficient
material with little to no compromise on the properties of geopolymer concrete samples.
However, for now, WWA has been utilized in a limited amount in the development of
samples. This extensive review study of WWA on geopolymer concrete as a fractional
substitute of binder showed that the shape, size, source, method of making WWA, and
chemical and physical composition of WWA have a significant impact on the strength and
durability properties of the sample in which WWA is utilized. Thus, waste wood ash is
suitable as a binder replacement, and if it is used in construction as a building material,
it will reduce the demand for cement, which will reduce the outflow of greenhouse gases
from the production of cement and also preserve the natural reserves of limestone used
in the making of cement, thus helping the environment and assisting the construction
industry by increasing its sustainability.
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Abstract: As the demand for nonrenewable natural resources, such as aggregate, is increasing
worldwide, new production of artificial aggregate should be developed. Artificial lightweight
aggregate can bring advantages to the construction field due to its lower density, thus reducing
the dead load applied to the structural elements. In addition, application of artificial lightweight
aggregate in lightweight concrete will produce lower thermal conductivity. However, the production
of artificial lightweight aggregate is still limited. Production of artificial lightweight aggregate
incorporating waste materials or pozzolanic materials is advantageous and beneficial in terms of
being environmentally friendly, as well as lowering carbon dioxide emissions. Moreover, additives,
such as geopolymer, have been introduced as one of the alternative construction materials that
have been proven to have excellent properties. Thus, this paper will review the production of
artificial lightweight aggregate through various methods, including sintering, cold bonding, and
autoclaving. The significant properties of artificial lightweight aggregate, including physical and
mechanical properties, such as water absorption, crushing strength, and impact value, are reviewed.
The properties of concrete, including thermal properties, that utilized artificial lightweight aggregate
were also briefly reviewed to highlight the advantages of artificial lightweight aggregate.

Keywords: artificial lightweight aggregate; geopolymer; aggregate crushing value; aggregate impact
value; thermal properties; pozzolanic materials

1. Introduction

Aggregates are widely used in the field of construction, specifically in the manufacture
of concrete. The increasing demand for concrete will result in an increase in the require-
ments of all concrete ingredients, including aggregates, which represent 60–70% of the
total volume of the concrete [1]. Most of the aggregates used are obtained from natural re-
sources, including rocks. The concrete industry has an impact on the global environmental
problem due to the utilization of large amounts of natural resources. Natural resources are
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decreasing at a quicker rate because of the high demand for usage in the manufacturing of
concrete. The development of lightweight materials, such as lightweight aggregate, will
help to minimize the use of natural resources.

In the construction field, lightweight aggregate that is used in concrete production
is a type of material that is very environmentally friendly. Lightweight aggregate is
dramatically different from conventional aggregate. The modifications bring advantages
for the designers for a number of reasons other than weight reduction, such as decreased
early cracking, decreased permeability, and longer lifespan [2]. Lightweight aggregates can
be grouped into the following categories [3]:

1. Materials that naturally occur and require further processing, such as expanded clay,
shale and slate, and vermiculite;

2. Industrial waste by-products, such as sintered pulverized fuel ash (fly ash), foamed
or expanded-blast-furnace slag, and hemalite;

3. Materials that naturally occur, such as pumice, foamed lava, volcanic tuff, and
porous limestone.

Sintered fly ash aggregate, also known as Lytag, is the most widely used artificial ag-
gregate in the construction field [4]. According to Nadesan and Dinakar [5], sintered fly ash
aggregate is capable of producing concrete with high strength performance. In addition, the
application of lightweight aggregate in concrete has increased in popularity due to its low
density, good thermal conductivity, being environmentally friendly, and many economic
advantages [6]. Concrete with lightweight aggregate also has low thermal conductivity [6].
The concrete with lightweight aggregate had lower thermal conductivity [2]. The objec-
tive of this paper is to review the manufacturing method of lightweight aggregate for
the production of lightweight concrete, as well as the properties of lightweight aggregate.
The properties include physical properties, such as specific gravity and water absorption,
and mechanical properties, such as crushing strength and aggregate impact value. The
mechanical and thermal properties of concrete consisting of lightweight aggregate that
have been reported previously are also reported in this review.

2. Aggregate

The main component of concrete is aggregates, which occupy around 70% to 80%
of the total volume, with fine aggregate accounting for 25% to 30% and coarse aggregate
accounting for 40% to 50% [7]. The coarse aggregate that is usually utilized in construction
work comes from various types of resources, such as rock, crushed stone, and gravel [8].
Crushed rocks are commonly used as coarse aggregate and river sand as fine aggregate,
both of which can be found naturally. A large amount of natural aggregate, such as
sand, gravel, or crushed rock, is mined for concrete manufacturing, and the world’s
aggregate usage is estimated to be in excess of 40 billion tonnes per year, with concrete
accounting for 64% to 75% of all mined aggregate [9]. The massive use of raw materials
for aggregates is expected to reach 62.9 billion metric tonnes per year by 2024 with global
construction aggregates consumption, and this can deplete natural resources, as it creates
an immediate risk to the environment [10]. The construction projects need a considerable
amount of natural aggregate for the production of concrete, which increases the depletion
of natural aggregate resources and makes the sustainability of the construction projects
more challenging [11]. Due to the increasing expansion of building construction, natural
aggregate supplies are rapidly decreasing, resulting in a shortage of resources. This shortage
of resources requires proper utilization for sustainable growth [7]. The natural sand
can be replaced by using by-products of coarse aggregate, such as copper mine waste
rocks, as it reduces the manufacturing cost, reduces CO2 emissions from the industrial
process of producing natural sand, and water consumption for sand washing would be
minimized [12]. Manufactured sands are essentially a waste product from the production
of coarse aggregate, which are generally available, have a cheaper cost, and would reduce
natural sand mining [13]. In addition, manufactured sand had become a popular choice to
be used to replace fine aggregate, as it is generally mined from stream beds, and harvesting
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sand is thought to be environmentally detrimental [14]. In addition, manufactured sand
which is made from hard granite rocks can be produced locally by lowering the expense
of shipping from a distant river sand bank, and it is dust-free, which is readily regulated
to suit the needed grading for the construction [15]. Furthermore, the application of
lightweight aggregate in concrete has been developed in order to resolve the depletion of
natural aggregate. Due to its advantages in decreasing load bearing and also improving
performance in thermal insulation, the development of lightweight concrete by including
lightweight aggregates has caught researchers’ attention [16].

3. Lightweight Aggregate

A lightweight aggregate (LWA) is a solid substance having a particle density of
less than 2.0 g/cm3 and a loose bulk density of less than 1.2 g/cm3 (BS EN 13055-1,
2002) [17]. LWAs are porous and granular materials that have been widely used in ar-
chitecture, landscaping, and geotechnics [18]. In addition, it can provide better sound
absorption and thermal insulation [9]. Lightweight aggregates are ecologically friendly
construction materials made from a variety of wastes and frequently produced through
high-temperature burning [19]. There are two types of lightweight aggregate, which are
natural lightweight aggregate and artificial lightweight aggregate. The following are the
two types of lightweight aggregate:

1. Aggregates that occur naturally and can only be used after mechanical treatment,
such as pumice and scoria aggregates [20].

2. Artificial aggregates are made up of waste materials, such as fly ash, husks, or volcanic
form and ground granulated blast-furnace slag (GGBS) [21]

Various types of lightweight aggregate have been widely utilized as construction
materials in the construction field. Considering aggregate makes up approximately 70% of
the concrete mixture, substituting natural aggregate with lightweight aggregate manufac-
tured from waste materials will be an efficient method to minimize nonrenewable resource
usage [22]. Lightweight aggregate has been discovered as significant in the formation of
lightweight concrete by lowering greenhouse emissions in buildings and decreasing the
self-weight of the structure [23]. Application of LWA in concrete will enhance thermal
insulation characteristics, decrease structural dead load, allowing larger structures to be
built with the same foundation size, and lead to lower CO2 emissions [24]. Furthermore,
LWA is a critical component in the construction of earthquake-resistant buildings [25]. Due
to the larger amount of internal pores in lightweight aggregate, absorption of moisture from
cement paste is more rapid than in normal-weight aggregate, which makes the concrete less
workable and lower in strength performance than the concrete prepared with normal ag-
gregate [26]. Regardless of the performance when compared to natural aggregate concrete,
LWA is worthwhile to be explored specifically for enhancing the performance towards
minimizing environmental problems, alongside maintaining long-term sustainability by
improving water quality or as a growth medium for green roofs to mitigate the urban heat
island effect [27].

Lightweight Aggregate with Inclusion of Geopolymer

The inclusion of geopolymer in lightweight aggregate has become more concerning
due to its advantages in improving the properties of lightweight aggregate. The strength of
activated fly ash-based artificial lightweight aggregate by inclusion of geopolymer is com-
parable to that of commercialized expanded clay lightweight aggregate [22]. In addition,
the inclusion of geopolymer in lightweight aggregate produced from fluidized bed combus-
tion (FBC) fly ashes and mine tailings showed excellent mechanical properties in mortar
and concrete as compared to the application of commercialized aggregate (LECA) [28].
The inclusion of geopolymer in the lightweight aggregate manufactured from recycled
silt and palm oil fuel ash meets the demand for high-strength lightweight concrete and
can be utilized for lightweight construction or insulating concrete [23]. In addition, the
inclusion of geopolymer in lightweight aggregate that is produced from the combination
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of fly ash and silica fume can be used for heavy-duty floors due to its high strength [29].
Therefore, the inclusion of geopolymer in lightweight aggregate brings advantages in the
construction field, especially in the structural components. However, the use of geopolymer
in lightweight aggregate is still limited, and more research is needed to identify lightweight
aggregate properties.

4. Manufacturing of Lightweight Aggregate

The manufacturing process of artificial aggregate consists of three stages, which are
the mixing of raw materials, pelletization, and hardening. In the first stage, which is mixing,
the well-proportioned ingredients are mixed until the mixture achieves consistency. In a
disc-based pelletizer machine, the mixture of the raw materials undergoes the pelletization
process by the agglomeration of the fine particles using a suitable binder. Some previous
studies used pozzolanic materials as binders, such as metakaolin and bentonite [5,26,27].
Meanwhile, alkaline activators are commonly used as binders for the production of geopoly-
mer aggregate [18,27–29]. Depending on the angle of the disc, the speed of the pelletizer,
and the moisture content, the appropriate size of pellets will be collected in the disc. The
hardening of the fresh pellets can be accomplished by using sintering, cold bonding, or
autoclaving in order to gain the strength of the aggregate. The flow chart of the production
of lightweight aggregates can be illustrated as in Figure 1. Meanwhile, the current research
on lightweight aggregate is summarized as in Table 1.

Figure 1. Flow chart of producing lightweight aggregate.

Table 1. Previous studies on the type of method to manufacture lightweight aggregate.

Researcher Method
Raw

Materials
Additives Significant Finding

Kwek et al.
(2022) [16] Sintering Palm Oil Fuel Ash

and Silt

Alkaline activator
(NaOH and

Na2SiO3) and lime

- The bulk density can obtain as low
as 1.18 kg/m3

- The individual crushing strength is
almost the same as commercialized
aggregate used in
lightweight concrete

Kwek and Awang
(2021) [23] Sintering Palm Oil Fuel Ash

Alkaline activator
(NaOH and

Na2SiO3) and lime

- The strength of the aggregate
achieved to be utilized for
lightweight constructions or
insulating concrete

Li et al. (2020) [30] Sintering Sewage sludge Waste glass powder
- The addition of waste glass powder

helps in reduction of
water absorption

Ren et al.
(2020) [31] Sintering Fly ash and clay Coke particles - Coke particles reduce the

apparent density
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Table 1. Cont.

Researcher Method
Raw

Materials
Additives Significant Finding

Chien et al.
(2020) [19] Sintering Industrial sludge

and marine clay Na2CO3

- The Na2CO3 can reduce the specific
gravity and the firing temperature
required for production of
lightweight aggregate

Abdullah et al.
(2021) [32] Cold bonding Fly ash

Alkaline activator
(NaOH and

Na2SiO3)

- NaOH molarity will affect the
strength of the aggregate

- 12 M of NaOH provide the optimum
mix design of geopolymer aggregate

Risdanareni et al.
(2020) [22] Cold bonding Fly ash Sodium hydroxide

(NaOH) solution

- 6 M of NaOH brought a positive
impact to aggregate strength

- The highest compressive strength at
8 M of NaOH

UI Rehman et al.
(2020) [33] Cold bonding Fly ash, Slag

Cement (Cement
based) and Alkaline

activator
(Geopolymer

based)

- Lightweight aggregate produced
from cement based is strongest

- Aggregate with hot water curing
shows good properties as it can
withstand half of the compressive
load as compared to
normal aggregate

Vali and Murugan
(2020) [34] Cold bonding Fly ash, GGBS,

hydrated lime glass fibers
- Lightweight aggregate produced

achieved the requirement for
structural components

Patel et al.
(2019) [35] Cold bonding Fly ash Styrene-butadiene

rubber

- Compressive strength increase
compared to normal lightweight
aggregate concrete

Tang et al.
(2019) [36] Cold bonding

Concrete slurry
waste (CSW) and
fine incineration
bottom ash (IBA)

Cement and ground
granulated blast

furnace slag (GGBS)

- Addition of cement or GGBS as the
additives in the manufacturing
process will increase the strength of
the aggregate

Wang et al. (2022)
[37] Autoclaved Quartz tailings, fly

ash, cement

Alkaline activator
(NaOH and

Na2SiO3)

- The strength of aggregate increase
from 7.61 MPa to 10.20 MPa when
increasing the autoclaved pressure

- The water absorption decreases
from 2.22% to 1.83% when
increasing the autoclaved pressure

Wang et al.
(2020) [38] Autoclaved Quartz tailings,

fly ash Quicklime
- The compressive strength is high
- Higher structure efficiency for

quartz tailing aggregate concrete

In the study of Punlert et al. (2017) [39], lightweight concrete was manufactured using
fly ash lightweight aggregates instead of coarse aggregates, resulting in a much lower
density and good strength compared to conventional concrete. Furthermore, when sintered
at around 1100 ◦C, lightweight aggregate made from sewage sludge and river sediment
achieved high density, low water absorption, and high strength. However, the existence
of air voids in fly ash lightweight aggregates, which are crucial for absorbency, leads to
difficulty in producing lightweight aggregate concrete, especially in the mix design, which
requires further work to enhance the properties [40]. For this purpose, additional binders
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or additives are introduced as one of the alternatives towards improving the properties of
lightweight aggregate.

From the previous results, the salt additives (NaCl) resulted in less viscosity and
produced wider internal pores, which allowed the production of ultralight aggregates.
However, the use of Na2CO3 as an additive, which is low cost and low corrosion haz-
ard, allows the creation of ultra-lightweight aggregates [19]. In the study reported by
Ren et al. [31], addition of coke particles in the manufacturing of lightweight aggregate will
help to reduce the apparent density of the aggregate produced. The use of styrene butadi-
ene rubber (SBR) improves the microstructure of lightweight aggregate, thus improving the
aggregate’s mechanical properties [35]. In addition, the inclusion of waste glass powder
causes the pozzolanic material to inflate, resulting in a more efficient lightweight aggregate
by enhancing the porosity of lightweight aggregate and decreasing water absorption [30].

In addition, pozzolanic materials with high SiO2, Al2O3, and CaO content have a high
potential to be utilized in producing artificial aggregates with the addition of an alkaline
activator [23]. The usage of alkaline activator as an additive for pozzolanic materials will
help to influence the formation of C-S-H binding gel and sodium aluminosilicate hydrates
during the geopolymerization process [41]. The formation of geopolymer aggregate by
mixing pozzolanic material with alkaline activator will decrease the porosity of aggregate
and improve the strength due to the extra C-S-H and calcium reaction during the reaction
process alongside the denser microstructure produced [33]. Furthermore, the NaOH
molarity will affect the strength of the geopolymer aggregate. For instance, low sodium
hydroxide content leads to improper dissolution of fly ash, thus causing the inter-particle
spaces of the participating gels to not be entirely filled [35]. It is critical to investigate the
optimization of mix designation for each kind of material utilized in the manufacturing of
lightweight aggregate-based geopolymer.

To summarize, recent research has shown that fly ash is the common material that had
been chosen to produce the lightweight aggregate due to their excellent properties. In the
future, alternative pozzolanic materials should be studied to establish their suitability in the
manufacturing of lightweight aggregate. In addition, it showed that additional additives
will improve the properties of lightweight aggregate in terms of specific gravity, strength,
and water absorption. Furthermore, the use of geopolymer in lightweight aggregate has
been shown to increase the porosity and strength of the aggregate, making it a viable
option for lightweight aggregate manufacturing. According to Table 1, various methods
can be used to manufacture lightweight aggregate, which are sintering, cold bonding,
and autoclaving, which have been reported previously. The sintering and cold bonding
methods are the methods that have been used wisely due to the excellent properties of
aggregate. Despite the fact that the sintering technique consumes a lot of energy, the quality
of the lightweight aggregate generated is excellent, with good strength at a low density.
Because of the considerable energy required in the sintering procedure, cold bonding has
grown popular because it does not require any additional sintering or heating. This process
can create various grade aggregates, depending on the density of the aggregate produced.
Generally, aggregate with high density will have a high strength. As a result, the use of a
foaming agent may be necessary to make the aggregate lighter. There is relatively limited re-
search on autoclaving methods in the current literature, necessitating more inquiry to assess
the possible application of autoclaving methods in the manufacturing of lightweight aggre-
gate. The strength and water absorption capabilities of lightweight aggregate generated by
the autoclaving technique were good, and the incorporation of geopolymer improved the
properties. As a result, greater research into autoclaving procedures is needed, particularly
in terms of simplifying the process so that it can be commercialized.

4.1. Sintering

Sintering is a process that consumes high energy to produce artificial aggregate with
enhanced properties. As reported by Sun et al. (2021) [34], raw materials with a high
amount of SiO2 and Al2O3 commonly use sintering. When the pellets in the disc pelletizer
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are shaped, the pellets will dry for a day before undergoing the sintering process at a
temperature of between 1180 ◦C and 1200 ◦C [42,43]. In some cases, some of the pellets
are fused at a temperature above 1200 ◦C for optimum properties [21,44]. Most of the
previous research used a similar drying method prior to sintering [45,46]. Chen et al. [47]
also reported a similar method where the pellets undergo a drying stage, followed by
preheating at 500 ◦C expanding temperature of a temperature between 1100 ◦C and 1150 ◦C
for the sintering process.

Meanwhile, according to Grygo and Pranevich [48], the aggregate produced through
the sintering process is lighter and has high strength performance. The sintering process
is a popular application for mass manufacture of lightweight aggregates that does not
require a long-term curing process [49]. Lytag, Pollytag, LECA, and liapour are some
of the commercially sintered lightweight aggregates around the world. The factory that
manufactured LECA has three lightweight aggregate production lines with a total capacity
of 750,000 cubic meters per year [50]. Sintered artificial lightweight aggregate is one of the
possible materials to make concrete lighter than the standard aggregate concrete [5]. In
addition, Tian et al. (2021) [51] state that sintering aggregates with the help of geopoly-
merization reactions can have higher aggregate strength and low density. However, the
sintering process involves a high level of energy during pelletization, which results in
higher manufacturing costs [44]. Aside from that, the sintering process generates a large
amount of pollutants, which will cause environmental problems. The sintering method
needed a lot of energy regardless of its potential engineering properties with respective
mix design applied [52].

In short, the lightweight aggregate produced at the temperature of 1200 ◦C provides
the best properties of the aggregate. To acquire the best features of lightweight aggregate,
the suggested sintering temperature for metakaolin is 900 ◦C, 1100 ◦C for sewage sludge
and river sediment, and 900 ◦C for fly ash. As a result, materials such as metakaolin and fly
ash are more advantageous due to the energy savings at the lowest sintering temperature
required to manufacture lightweight aggregate. The sintering method will also be able
to produce lightweight aggregate in a shorter time, at which it is suitable to be used to
replace natural aggregate. Nevertheless, the sintering method will require high energy
during the production, and this will increase the price of the production. The usage of
sintered lightweight aggregate in the construction field will increase the overall cost of
construction. As a result, new approaches, such as cold bonding, are being studied to
address the problems that the sintering method encountered.

4.2. Cold Bonding

Cold bonding is a process of enhancing fine particles, either by pressure or non-
pressure agglomeration methods, forming larger particles. In the cold bonding process,
cement or alkaline activator will be chosen as the binder. The cold bonding method
has been noted as a cost-effective method as it agglomerates at room temperature [47].
Furthermore, the cold bonding method tends to minimize energy usage when compared
to other production processes [21]. For cold bonding, the pellets will be dried at room
temperature for 24 h once the shape of the pellets is formed. The pellets are then sealed
in the bag until the testing day [22,35,43,47,53,54]. According to Jiang et al. [55], normal
curing at room temperature was required for cold-bonded artificial aggregate to achieve the
strength. However, aggregates produced using the cold bonding method required curing
at room temperature or in an enclosed chamber with steam until the required strength was
attained [56]. The major challenge for cold-bonded aggregate is the requirement for a longer
hardening period, as it is normally required to cure for 28 days before being discharged
and used as construction materials [34].

From both economic and environmental viewpoints, the cold bonding process is
fulfilling, as it involves low energy consumption. Wastewater treatment sludge, ground
granulated blast furnace slag, rice husk ash, and fly ash are some of the common materials
used to produce cold bonding lightweight aggregate. In addition, lightweight aggregate
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produced by using cold bonding instead of sintering is considered to have a strong effect
on customer acceptance, as it reduces the environmental impact [22].

Meanwhile, the addition of nano SiO2 from 0.5% to 1.5% during the production of arti-
ficial lightweight aggregate leads to increasing water absorption from 12.5% to 30.1% [57].
In addition, the utilization of foaming agents in lightweight aggregate causes more pores
and makes the aggregate lighter than cold-bonded artificial lightweight aggregate. This
was supported by the high water absorption ranging from 28.7% to 33.5% when compared
to cold-bonded artificial lightweight aggregate, which had a water absorption ranging from
15.1% to 18.9% [58].

In a nutshell, the cold bonding method is considered a low-cost method, as it can be
hardened at room temperature. Cold bonding has been recognized as a major step forward
in the production of lightweight aggregate. Moreover, the cold bonding method is more
likely to be adopted by society, as it does not require additional energy during the process.
However, in order to improve the properties of the cold-bonded lightweight aggregate, it
needs considerable treatment, particularly the use of a foaming agent during the manufac-
turing process. Another challenge is the curing day for cold bonding lightweight aggregate,
which should be reduced to achieve acceptance in the construction industry.

4.3. Autoclaving

Autoclaving is a process that involves the addition of chemicals, such as lime or
gypsum, in the agglomeration stage. In addition, autoclaving produced aggregates with
little binding material and low curing time [21]. For autoclaving, the pellets will be
hardened by the autoclave pressure and temperature to gain strength. A previous study by
Wan et al. [38] reported autoclaving for the production of aggregates. The quartz tailing
aggregate was cured at room temperature for 24 h, followed by curing at a temperature of up
to 195 ◦C for 3 h with an autoclaved pressure of 1.38 MPa. The aggregates were further cured
at 195 ◦C for another 10 h without autoclaved pressure before cooling at room temperature.
The cured aggregate was then dried in order to achieve the desired weight of less than
1100 kg/m3. The autoclaving method produced aggregates very quickly and it required
little binding material and curing time [21]. Moreover, lightweight aggregate can be made
with a considerable number of industrial solid wastes utilizing autoclave technology, which
not only reduces the curing time (to only 4 h) to maximize space utilization, but also meets
commercial environmental and economic requirements [37].

However, there are still limited studies available on autoclaving. This is because the
autoclaving method requires an autoclaved machine with the required temperature and
pressure to harden the aggregate. In addition, the autoclaved machine is very expensive and
requires high power consumption and large production facilities to complete the process.

Generally, the sintering method has been widely used around the world with some
popular commercial products, such as LECA and Lytag. LECA is one of the most popular
artificial lightweight aggregates that has been commercialized in the market used to replace
natural aggregate. The production rate can be up to 200,000 m3 per year, depending on
local LECA requirements and capital available. LECA is a new revolutionary material,
and its manufacturing rate compared to standard aggregate is still dependent on customer
demand. However, due to the requirement of high sintering temperature to produce
sintered aggregate, the cold bonding method has been introduced as an initiative towards
saving energy. The lightweight aggregate produced through the cold bonding method
has the potential to be applied in concrete production due to its comparable properties
to other methods. Moreover, cold bonding also showed promising properties, such as
high compressive strength when applied to the concrete. Cold bonding also contributes
to low pollutant production and low operating expenses. In addition, the autoclaving
method is also another method that can be used to produce artificial lightweight aggregate.
However, an autoclaved pressure machine is required for this method, which is very
costly. The autoclaving method also required longer curing time to achieve the strength
of the aggregate. Therefore, among all of the commonly reported methods, the cold
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bonding method with proper optimization of mix design is noted to be advantageous to
the construction field. Furthermore, variations in manufacturing methods, as well as mix
designation, were known to have a significant impact on the properties of lightweight
aggregate, particularly on physical and mechanical properties.

5. Physical and Mechanical Properties of Lightweight Aggregate

5.1. Specific Gravity

The specific gravity of the aggregate varies depending on the type of raw material
used. The cold-bonded fly ash aggregate that used different molarities of alkaline activator
had a specific gravity of between 1.8 and 1.85 [22]. In addition, mixing 90% of fly ash with
10% of cement by using cold bonding gives a specific gravity of 1.76 [56]. The artificial
aggregate that was made up of fly ash by using the cold bonding method had a specific
gravity of 1.63 as compared to normal coarse aggregate at 2.71 [54]. The specific gravity
was found to be increased from 1.84 to 1.91 when the styrene–butadiene rubber (SBR) was
added from 1% to 3% to the lightweight aggregate [35]. In addition, the aggregate produced
by mixing bentonite and metakaolin together with fly ash has a specific gravity of 1.8 to
1.93 and 1.95 to 1.99 [59].

The sintered fly ash aggregate had a specific gravity between 1.41 and 1.44, with a size
that varied from 2 mm to 12 mm [5]. The specific gravity of aggregate that was made from
water treatment residual increased from 1.21 to 1.78 when the sintering temperature was
increased from 1000 ◦C to 1100 ◦C [42]. The sintered dredged sludge lightweight aggregate
had a specific gravity of 1.00 to 1.38 for the particle size of 4.75 mm to 12.5 mm [47]. The
sintered fly ash aggregate with bentonite added had a specific gravity of 1.57, while the
sintered fly ash aggregate with glass powder added had a specific gravity of 1.60 at the
temperature at 1200 ◦C [54]. Meanwhile, coarse aggregate manufactured from bentonite
and water glass has a specific gravity of 1.63 at a temperature of 800 ◦C [46].

In comparison to natural aggregates, the specific gravity of artificial geopolymer
aggregates formed by sintering is quite low [21]. For instance, Kamal and Mishra (2020) [60]
reported on the specific gravity of the fly ash aggregates as well as raw materials, including
fly ash and binder, and the amount of void space in the aggregate. In addition, whenever
cold-bonded aggregate was combined with other pozzolanic binding materials, such as
GGBS, the specific gravity was found to be as high as 2.42, in which the hydrated lime
acts as a primary binder [61]. Previous research on the determination of specific gravity of
aggregates can be summarized as in Table 2.

Table 2. Previous studies on specific gravity of lightweight aggregate.

Researcher Aggregate Specific Gravity

Shahane and Patel (2021) [62]
Cold-bonded Fly ash aggregate at 75 ◦C 2.1
Cold-bonded Fly ash aggregate at 65 ◦C 2.2

Risdanareni et al. (2020) [22] Cold-bonded Fly ash-based artificial lightweight aggregate 1.8–1.85

Kamal and Mishra (2020) [60]
Sintered Fly ash aggregate 1.52–1.9

Sintered Fly ash aggregate (bentonite as binder) 1.61–1.65
Sintered Fly ash aggregate (glass powder as binder) 1.64–1.67

Satpathy et al. (2019) [63] Sintered fly ash lightweight aggregate 1.89

Nadesan and Dinakar (2018) [5] Sintered fly ash lightweight aggregate 1.41–1.44

Abbas et al. (2018) [46] Sintered lightweight aggregate produced from bentonite
clay and water glass (sodium silicate) 1.63

Shivaprasad and Das (2018) [64] Cold-bonded fly ash aggregate (heat cured) 1.94–2.03

From Table 2, the specific gravity of lightweight aggregate was found to be in the range
from 1.41 to 2.2. Based on BS EN 13055-1 [17], the specific gravity of lightweight aggregate
should be less than 2.0. The wide range of the specific gravity of lightweight aggregate
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values can be explained by the influence factors, including type of material used, type of
method used, and type of binder used during the manufacturing process. The specific
gravity of lightweight aggregate is often increased by adding additives. Furthermore, the
specific gravity of lightweight aggregate is affected by the curing temperature, with a
greater curing temperature resulting in a lower specific gravity. The addition of a foaming
agent will aid in lowering the specific gravity. In addition, the sintering method always
was proven to have lower specific gravity compared to other methods due to the formation
of voids at higher temperatures. However, the low specific gravity can be achieved by the
cold bonding and autoclaving methods through addition of additive, such as protein-based
foaming agent.

5.2. Water Absorption

Water absorption provides an indication of the internal aggregate structure. Higher
water absorption of aggregates indicates the large number of pores in nature and usually
gives drawbacks to the aggregates. For instance, expanded perlite powder (EPP) was
noted as being high in porosity, thus causing the water absorption to increase from 33% to
52% when the replacement of fly ash increased to 30% [53]. Meanwhile, when sintering is
applied, increasing the sintering temperature was found to decrease water absorption of all
aggregates due to the increment in the fusion of material, which led to less water surface
permeability [48]. In the study conducted by Sun et al. (2021) [65], it was found that the
sintered aggregate made up of red mud and municipal solid waste incineration bottom ash
with the temperature increased from 1010 ◦C to 1090 ◦C caused the porosity of the aggregate
to increase and the water absorption to decrease significantly until 1070 ◦C. Furthermore,
Liu et al. (2018) [66] also found that lower water absorption can be obtained when the
lightweight aggregate was sintered at a temperature of around 1100 ◦C. Lightweight
aggregate made up of drill cuttings containing synthetic-based mud, when sintered at
1180 ◦C, had water absorption of 3.6% [24]. In addition, the water absorption of metakaolin
artificial lightweight aggregate increases at the sintering temperature over 900 ◦C. The
pores formed during the sintering process were found to be closed pores, thus causing a
reduction in permeability to water [67].

In addition, the addition of the waste glass powder to lightweight aggregates was
found to significantly reduce water absorption from 7.73% to 0.5% [30]. Meanwhile, due
to the porosity of the hydrated calcium silicate, the quartz tailing aggregate (QTA) also
possessed high water absorption, which varies from 13.77% to 21.93% [38]. In another
study, the water absorption was reduced from 12.1% to 8.58% when styrene–butadiene
rubber (SBR) was added from 1% to 3% to the lightweight aggregate, which proved the
minimizing of voids when the SBR increased in the pellets [35]. Furthermore, it was found
that the lightweight aggregate produced from different ratio palm oil fuel ash and silt
causes high water absorption of 32.2% when 90% of clay is used [8]. This is due to the
high pozzolanic reaction rate within the mixture, thus causing higher water absorption
through the capillary of silt. Moreover, water absorption for aggregates incorporated with
10% cement was lowered by 13.97% due to a stronger hydration reaction and a denser
microstructure with more C-S-H and CH products, thus leading to an increase in the
strength of the aggregate [68].

In addition, the utilization of alkaline activator as a binder for the production of
lightweight aggregate was found to increase the water absorption from 22% to 23% [22].
Meanwhile, the geopolymer lightweight aggregate sintered using microwave radiation had
water absorption of 18.98%, as it was affected by the high density of the aggregate [29]. In
another study, it was found that the pores in the fly ash geopolymer aggregate were reduced
after the geopolymerization process, thus giving a denser microstructure, which resulted
in lower water absorption at 10.05% [32]. Meanwhile, increasing the Na2SiO3/NaOH
ratio from 1.5 to 4.0 caused the water absorption values for geopolymer lightweight aggre-
gate to steadily increase from 15.2% to 19% due to the foaming activity of Na2SiO3 [58].
Furthermore, the metakaolin geopolymer aggregate sintered at 600 ◦C will have lower
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water absorption as the greater the sintering temperature, the more voids created, and,
hence, the higher the water absorption of lightweight aggregate [69]. Moreover, the fly
ash geopolymer aggregates had higher water absorption when curing at 80 ◦C due to the
water in the aggregates participating in the geopolymerization process, which improves
the strength of the pellets [64].

From Table 3, the water absorption for artificial lightweight aggregate was proven
to be higher than that of the natural aggregate, which can be explained by the effect
of porosity due to pore formation. In addition, the water absorption of the lightweight
aggregate can be affected by influence factors, including the type of materials used, the
type of curing, and the type of binder used. The sintering method demonstrated that, when
the temperature rises, the water absorption of lightweight aggregate decreases because
it contains closed pores. The majority of research has indicated that the cold bonding
procedure will have higher water absorption and will require additional treatment to
eliminate this problem. Furthermore, adding additives to the lightweight aggregate will aid
in water absorption reduction. The addition of geopolymer to lightweight aggregate will
increase water absorption significantly. Water absorption will be reduced by the presence of
a vitrified shell around the artificial lightweight aggregate. As a result, the water absorption
of lightweight aggregate has an impact on mechanical qualities and should be assessed
before using it in concrete.

Table 3. Previous studies on water absorption of lightweight aggregate.

Researcher Aggregate Water Absorption (%)

Ren et al. (2020) [31]

Artificial aggregate (fly ash + clay) 8.7
Artificial aggregate (fly ash + clay + coke particles) 22.97

Artificial aggregate (fly ash + clay + sodium
carbonate solution) 8.84

Risdanareni et al. (2020) [22]

Alkali activated Fly ash-based artificial lightweight aggregate
(4 M NaOH) 23.92

Alkali activated Fly ash-based artificial lightweight aggregate
(6 M NaOH) 23.23

Alkali activated Fly ash-based artificial lightweight aggregate
(8 M NaOH) 22.08

Rehman et al. (2020) [68]
Lightweight aggregate (fly ash + GGBS + 10% cement) 14.53
Lightweight aggregate (fly ash + GGBS + 20% cement) 12.50

Vali and Murugan (2019) [57]

Cold-bonded artificial aggregate (fly ash + hydrated lime +
cement + nano SiO2) 22.9–30.1

Cold-bonded artificial aggregate (fly ash + hydrated lime +
metakaolin + nano SiO2) 20.7–28.2

Cold-bonded artificial aggregate (fly ash + hydrated lime +
slag + nano SiO2) 12.5–23.8

Narattha and Chaipanich (2018) [70]

Cold-bonded fly ash lightweight aggregates 14.08
Cold-bonded fly ash lightweight aggregates (Additional of

Portland cement) 13.34–16.90

Cold-bonded fly ash lightweight aggregates
(Calcium hydroxide) 14.10–18.46

Mohamad Ibrahim et al. (2018) [44]

Cold-bonded lightweight aggregate (cured at
room temperature) 22.1–39.8

Cold-bonded lightweight aggregate (cured under water at
room temperature) 21.1–39.0

Cold-bonded lightweight aggregate (cured at oven) 26.5–41.3
Cold-bonded lightweight aggregate (cured under water

at oven) 24.5–39.5
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5.3. Mechanical Properties

In terms of mechanical properties, fly ash with expanded perlite powder (EPP) has
a higher crushing strength due to increasing pozzolanic activity [53]. Sintered sediment
lightweight aggregate with a bulk density of 859 kg/m3 had the highest crushing strength
of 13.4 MPa. This occurrence proves that the aggregate strength increases with increasing
bulk density [47]. The crushing strength decreased as the silt content increased due to
the binding failure of palm oil fuel ash (POFA) with the silt content [8]. Meanwhile, the
fly-ash metakaolin binder aggregate showed high crushing strength when curing under
high temperatures [59]. For instance, when the sintering temperature exceeds 900 ◦C,
the sintered aggregate made up of metakaolin and alkaline activator has high aggregate
impact value, which cause decreasing aggregate strength due to the increasing amounts of
pore space in the aggregate [67]. Moreover, combination of fly ash and clay with 10% of
sodium carbonate and sintering temperature of 1220 ◦C leads to a higher pellet strength of
4.25 MPa [31].

In addition, regardless of methods applied, the cold-bonded fly ash aggregate, sintered
fly ash aggregate, as well as autoclaved aggregates were found to have a high impact value
of 9.56%, 10.2%, and 11.46%, respectively [71]. According to research of Kamal and Mishra
(2020) [60], the addition of binder is noted as effective due to the binder’s role, which is
to wrap the pellets, therefore causing the voids to have better resistance to compression.
Meanwhile, the addition of styrene–butadiene rubber (SBR) to lightweight aggregate leads
to a lower impact value, which makes the aggregate stronger [35]. The impact resistance
of cement-based fly ash aggregate was enhanced by the cement content because of the
increased hydration reaction. In addition, the curing temperature will also increase the
impact resistance of artificial aggregate [33]. The high porosity of phosphogypsum-based
cold-bonded aggregates with 90% of phosphogypsum accounts for high water absorption
with 13.6%, as it holds fewer binders and allows it to absorb more water [72]. The inclusion
of cement enhanced the pellet strength from 1 MPa to 2.3 MPa when compared to the pellet
strength of the cold-bonded lightweight aggregate made with only concrete slurry waste
and fine incinerator bottom ash [36].

In addition, the lightweight aggregate with the lowest water absorption has better
sustainability towards the impact of the load. In a previous study, it was discovered that
increasing the maximum amount of fly ash replacement with 10% cement or 5% calcium
hydroxide increased cold-bonded aggregate strength with decreasing water absorption [70].
On the other hand, curing at higher temperatures causes the impact value of artificial
lightweight aggregate to improve by 12.5% to 14.75% and the crushing strength by 28.2%
to 39.7% [64]. According to a study by Rehman et al. (2020) [68], the aggregate with
the lowest water absorption of 12.5% had the lowest aggregate impact value of 22.12%,
thus proving the stronger microstructure and lower porosity had led to high resistance to
crack penetration and increasing strength. Meanwhile, according to Ghosh (2018) [73], the
autoclaved aggregate made by using fly ash and cement can be used to replace the gravel
as the crushing value and impact value due to the similar value.

From the previous studies in Table 4, it is shown that the mechanical properties of
lightweight aggregate mainly depend on the type of material used. Furthermore, adding
additives to the lightweight aggregate can aid to improve its strength. The majority of the
researchers concluded that adding geopolymer to the aggregate leads to an improvement
in strength performance. The method of curing, on the other hand, will have an impact
on the strength of the lightweight aggregate, as a higher curing temperature will result in
greater strength. The mechanical properties of the lightweight aggregate can be affected by
the microstructure of the lightweight aggregate.

206



Materials 2022, 15, 3929

Table 4. Previous studies on mechanical properties of lightweight aggregate.

Researcher Aggregate
Crushing

Strength (MPa)
Aggregate Impact

Value, AIV (%)

Ding et al. (2022) [72] Phosphogypsum-based cold-bonded aggregates 8.11–11.04 -

Zafar et al. (2021) [58]
Foam Lightweight Aggregate 0.35–0.83 -

Geopolymer Lightweight Aggregate 3.69–4.14

Aslam et al. (2020) [74] Geopolymer Lightweight Aggregate (fly ash, silica
fume, baking soda) 3.34–4.54 10.03

Saleem et al. 2020 [29] Geopolymer lightweight aggregates sintered by
microwave radiations 3.08–3.96 22.1–35.7

Saad et al. (2019) [75] Artificial granular lightweight aggregates
(bottom ash + cement) 4.0–7.13 25.5–42.5

Taijra et al. (2018) [53] Core-shell structured lightweight aggregate
(expanded perlite powder + fly ash) 2.04–2.66 -

Shivaprasad and Das
(2018) [64]

Fly ash aggregate (Ambient Cured) 2.87 27.57
Fly ash aggregate (60 ◦C Cured) 3.68 24.10
Fly ash aggregate (80 ◦C Cured) 4.01 23.50

Mohamad Ibrahim et al.
(2018) [44]

Cold-bonded lightweight aggregate (cured at
room temperature)

-

17.2–57.9

Cold-bonded lightweight aggregate (cured under
water at room temperature) 15.4–55.7

Cold-bonded lightweight aggregate (cured at oven) 25.4–61.0
Cold-bonded lightweight aggregate (cured under

water at oven) 22.1–58.5

Abdullah et al. (2018) [76]

Fly ash geopolymer artificial aggregate
(fly ash/alkaline activator = 2.0)

-

23.19

Fly ash geopolymer artificial aggregate
(fly ash/alkaline activator = 2.5) 23.14

Fly ash geopolymer artificial aggregate
(fly ash/alkaline activator = 3.0) 19.6

Fly ash geopolymer artificial aggregate
(fly ash/alkaline activator = 3.5) 25.56

5.4. Morphology

The morphology of lightweight aggregate can be observed through scanning electron
microscopy (SEM). The artificial lightweight aggregate that was made from calcining coal
ash and dredged soil was observed through SEM, and the morphology can be shown as
in Figure 2. The observation of voids from the morphology proved that the formation of
voids contributes to lower specific density and loose bulk density.

Figure 2. SEM of artificial lightweight aggregate made up of calcining coal ash and dredged soil [77].
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Figure 3 shows SEM images of sintered lightweight aggregate at 1180 ◦C. The increas-
ing amount of waste glass powder in the sample allows the tiny voids to be filled up,
thus causing less porosity of the sintered lightweight aggregate with increasing particle
density [30]. Besides that, excess gas may be created when using the sintering method. The
formation of pores will occur continuously when the temperature applied is too high [78].
In addition, for the sintering method, the lightweight aggregate sintered at 1100 ◦C had
a smooth and thick surface with solitary and round pores with widths ranging from 10
to 20 μm which minimizes porosity. This will lead to enhanced densification by creating
samples with minimal water absorption and high compressive strength [66]. As shown
in Figure 4, the pores in the aggregates LWA1 and LWA2 are significantly larger because
organic substance components derived from sewage sludge release gases that aid in the
development of pores and thus form a porous aggregate structure [18].

In addition, alkaline activators such as sodium hydroxide and sodium silicate have
been used previously as liquid precursors and mixed with aluminosilicate materials such
as fly ash and rice husk ash to create a cold bonded lightweight aggregate known as
geopolymer aggregate, and the result can be depicted as in Figure 5. The denser matrix that
is shown in Figure 5 for geopolymer aggregate with the solid-to-liquid (fly ash/alkaline
activator) ratio of 3.0 results in a lower AIV value, where the strength of the geopolymer
aggregate is higher. The geopolymer aggregates indicated that excellent solidification of
the fly ash with alkaline activators occurred by geopolymerization reaction as the alkaline
activator dissolved most of the fly ash particles [79]. Furthermore, the SEM of quarry
tailings autoclaved aggregate in Figure 6 showed that high stream curing had a denser
structure, which increased the strength alongside with reduced water absorption of the
aggregate [37].

Figure 3. SEM of sintered lightweight aggregate samples with 10% and 15% of water glass content at
1180 ◦C [30].

Figure 4. SEM of sintered lightweight aggregate made up of clay and sewage sludge at 1100 ◦C and
1150 ◦C [18].
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Figure 5. SEM of geopolymer aggregate at solid/liquid ratio of 2.0, 2.5, 3.0, and 3.5 [76].

Figure 6. SEM of autoclaved lightweight aggregate with different curing pressure: (a,b) P0.50,
(c,d) P1.00, (e,f) P1.25 [37].

From the morphology of lightweight aggregate, the pore of the lightweight aggregate
can be observed through SEM. The formation of pores observed from the morphology is
significant towards proving the increment and decrement in some properties of aggregates,
such as specific gravity and density. Based on the previous study, aggregate that was
made up of fly ash through geopolymerization showed the highest distribution of pores.
The connected pores lead to higher water absorption than disconnected pores due to the
ability to absorb more water into the aggregate. Meanwhile, the denser structure that was
observed through SEM can provide good properties of lightweight aggregate, which can
bring benefits in the application of concrete.
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6. Lightweight Aggregate Concrete

6.1. Mechanical Properties

The utilization of lightweight aggregate also affects the significant properties of the
concrete produced, including mechanical properties, thermal conductivity, and ultrasonic
pulse velocity. The mechanical properties of lightweight aggregate concrete determine the
suitability of artificial lightweight aggregate used in the concrete. The interfacial zone (ITZ)
between the coarse aggregate and paste is a critical factor that will affect the mechanical
properties of the concrete [80].

Compressive strength is the ability of the structure to resist compression, and this is the
main design variable for engineers. The compressive strength of mortar containing fly ash
aggregate will increase slowly at the beginning of the hardening stage, but it will increase
rapidly after 14 days. In addition, the heavier the mortar, the higher the compressive
strength. For instance, mortar of fly ash with an 8 M concentration of NaOH shows the
heaviest bulk density with the highest compressive strength [22]. The compressive strength
for quartz tailings aggregate (QTA) concrete reaches 74 MPa, which is considered high
strength concrete. This is because the cement binders are readily penetrated to form a later
mechanical interlocking structure around the aggregates to strengthen the bonding between
aggregate and cement paste since the shell of QTA is a porous, fibrous, and needle-flake
tobermorite structure [38]. The increasing amount of styrene-butadiene rubber (SBR) in
pellets will cause an increase in the compressive strength of SBR modified lightweight
aggregate (SLWA) concrete. This is due to the microstructure of the SLWA, which generates
a strong bond between the aggregate and the cement paste [35]. Due to the impact on the
restriction of the spread of cracking occurring, the beneficial effect of the addition of fibres
to the lightweight aggregate cement mix gives a higher compressive strength (over 40 MPa)
and can be used as a structural application in the construction field [81]. Table 5 shows
the compressive strength of lightweight aggregate concrete reported by past researches.
According to Table 5, it can be concluded that the artificial lightweight aggregate concrete
had achieved the compressive strength for structure concrete which is 17 MPa based on
ACI 318M-14.

In general, the concrete that used the autoclaved quartz tailing lightweight aggregate
had a compressive strength of up to 74 MPa and alkali-activated fly-ash-based artificial
lightweight aggregate achieved 64 MPa of compressive strength at 28 days. In addition,
when lightweight aggregate has been used in concrete, it achieved early strength compared
to conventional concrete. The additives added to the lightweight aggregate enhanced the
aggregate’s strength, which will also increase the lightweight concrete’s strength. The use
of lightweight aggregate in concrete met the minimal compressive strength requirements
for the use of structural components. As a result, artificial lightweight aggregate has been
an innovative material that can be used to manufacture lightweight structural components
that have been highlighted in the recent construction field to minimize the structure’s dead
load and protect it from earthquakes.

Table 5. Previous studies on compressive strength of lightweight aggregate concrete.

Researcher Aggregate
28 Days of Compressive

Strength (MPa)

Risdanareni et al. (2020) [22] Alkali-activated fly-ash-based artificial lightweight aggregate 64.0

Sahoo et al. (2020) [81] Sintered fly ash aggregate with synthetic fiber 46.0

Wang et al. (2020) [38] Autoclaved quartz tailing lightweight aggregate 74.0

Patel et al. (2019) [35] SBR-modified lightweight aggregate 42.0

Abbas et al. (2018) [46] Sintered fly ash aggregate 35.8

Lau et al. (2018) [82] Sintered lime-treated sewage sludge and palm oil fuel ash 50.4
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6.2. Thermal Conductivity

The capacity of a substance to transport heat is measured by thermal conductivity,
which is significant in determining the insulation of materials. Lightweight concrete
normally has low thermal conductivity compared to conventional concrete [3]. The thermal
conductivity of lightweight concrete is 0.9567 W/m·K, whereas the thermal conductivity
of normal weight aggregate is 1.98–2.94 W/m·K [46]. The low thermal conductivity of
lightweight concrete can be due to the type of material used to produce lightweight
aggregate. According to Tajra et al. [53], the low conductivity of lightweight concrete
is due to the use of expanded perlite as the core structure, which has a low thermal
conductivity of about 0.05 W/m·K, as well as the use of expanded perlite powder in the
shell structure, which improved its thermal properties. Concrete with lightweight coarse
and fine aggregate has the lowest thermal properties, 0.0703 W/m·K, when compared
to conventional concrete, which has thermal properties of 1.736 W/m·K [2]. Figure 7
shows the comparison between lightweight aggregate concrete and conventional concrete.
Based on Figure 7, the lightweight aggregate concrete had decreased by 95.95% and 67.46%
as compared to normal aggregate concrete. The application of sintered expanded slate
aggregate in coarse and fine aggregate showed that it had the lowest thermal conductivity.
Therefore, it can be concluded that the application of sintered lightweight aggregate in
concrete is more suitable to be used as thermal insulation material. It would be fascinating
to look into finding the thermal conductivity of concrete using cold-bonded lightweight
aggregate and autoclaved lightweight aggregate.

Figure 7. Previous studies’ comparison on thermal conductivity between lightweight aggregate
concrete and conventional concrete.

6.3. Ultrasonic Pulse Velocity

Ultrasonic pulse velocity (UPV) testing is used to verify the integrity and quality
of structural concrete alongside voiding, honeycombing, cracking, and other defects.
According to BS 1881-203 [83], the ultrasonic pulse velocity, which is greater or equal
to 4.5 km/s, is considered as excellent concrete quality, while less than 2.0 km/s is classified
as very weak concrete quality. Based on the study conducted by Tanaka et al. (2020) [4],
the pulse velocity is 3.5 km/s to 4.4 km/s, which is slower as compared to the control
sample due to the large amount of air voids in the artificial aggregate in the concrete,
which affects the quality of the concrete. In study of Rehman et al. (2020) [68], it was
found that geopolymer-based lightweight concrete has a higher ultrasonic pulse veloc-
ity, which is 2936 m/s to 3016 m/s as compared to cement-based lightweight concrete,
which is 2601 m/s to 2835 m/s. This can be explained by the higher strength and more
complex microstructure of the geopolymer-based concrete. Further, the occurrence of
large amounts of micro-cracks in the concrete can cause the ultrasonic pulse velocity to
be lowered, which is 3.42–4.51 km/s when the replacement of coarse and fine aggregates
is increased with artificial lightweight aggregate (Satpathy et al., 2019) [63]. For geopoly-
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mer concrete specimens containing artificial lightweight aggregate, the ultrasonic pulse
velocity value vary from 4.15 km/s to 4.35 km/s, which can be considered good quality
concrete (Abbas et al., 2018) [46]. Furthermore, the UPV of the concrete mixes decreased
from 4.29 km/s to 3.58 km/s as the lightweight expanded clay aggregate (LECA) and ex-
panded perlite aggregate (EPA) replacement percentage increased, and this could be due to
the existence of voids in LECA and EPA lengthening the travel path of the ultrasonic pulse
and resulting in a lower UPV value [84].

From Table 6, it can be concluded that the lightweight aggregate concrete will provide
good ultrasonic pulse velocity to prevent the defects of the concrete. It is also possible
to deduce that the majority of the ultrasonic pulse velocity of concrete is determined by
the use of commercialized lightweight aggregate, such as LECA, which is manufactured
using the sintering method. As a result, the ultrasonic pulse velocity for concrete with
cold-bonded lightweight aggregate and autoclaved lightweight aggregate is limited, and
more research is needed.

Table 6. Previous studies on ultrasonic pulse velocity of lightweight aggregate concrete.

Researcher Ultrasonic Pulse Velocity
Concrete Quality Based

on BS:118-203
Material

Othman et al. (2020) [84] 3.58 km/s to 4.21 km/s Good
Lightweight Expanded Clay

Aggregate (LECA) and Expanded
Perlite Aggregate (EPA)

Tanaka et al. (2020) [4] 3.5 km/s to 4.4 km/s Good Lightweight artificial aggregate
from industrial by-product

Satpathy et al. (2019) [63] 3.42 km/s to 4.51 km/s Good, 4.51 (Excellent) Fly ash cenosphere and sintered fly
ash aggregate

Abbas et al. (2018) [46] 4.15 km/s to 4.35 km/s Good Sintered fly ash aggregate

7. Conclusions

Based on the review, the cold bonding method and the autoclaving method can be
considered as alternative ways to produce the lightweight aggregate due to the comparable
properties to the sintering method. However, the aggregate produced from the cold bonding
method and the autoclaving method are still limited and require further exploration in order
to be commercialized as a sintering method. Other than features such as water absorption
and specific gravity, the curing days for aggregate generated should be researched further
for the cold bonding process, as this approach requires the same curing days as OPC.
The construction sector will accept shorter curing days since they are more practical to
commercialize. The performance of the aggregate produced by the autoclave process is
good; however, the low temperature during autoclave pressure may need to be researched
more in the future to lower production costs and, thus, make it a viable alternative to
commercially available good-grade aggregate.

Further, lightweight aggregate having a density of less than 2.0 can be utilized exten-
sively in lightweight concrete to lower the structure’s dead load. The specific gravity of
lightweight aggregate will be mostly affected by the type of material and binder used. In
addition, the artificial lightweight aggregate showed lower water absorption than normal
aggregate. The water absorption of lightweight aggregate is increased when geopolymer is
used in the manufacturing process, and it can be further improved by utilizing additional
treatments, such as vacuum impregnation or coating. Furthermore, due to the fact that the
pozzolanic activity with the inclusion of geopolymer in the lightweight aggregate is higher,
mechanical properties of lightweight aggregate are improvable. Moreover, the morphology
of lightweight aggregate can help to determine the microstructure of lightweight aggregate.
Lightweight aggregate with a denser microstructure and lower porosity was found to be
more resistant to crack penetration and have higher strength. The properties of lightweight
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aggregate can be improved by a greater distribution of internal aggregate holes and fewer
continuous pores observed on the microstructure.

On the other hand, the interfacial zone (ITZ) between coarse aggregate and paste is
a significant factor that will affect the compressive strength of the concrete. Thus, more
research into the bonding mechanism between aggregate and cement matrix is critical.
The compressive strength of lightweight aggregate concrete can be increased by adding
additives, such as synthetic fibers. Higher compressive strength can be obtained by using
lightweight aggregate in order to construct lightweight structural components to protect it
from earthquake resistance. Additionally, lightweight aggregate with geopolymer demon-
strates early strength development in lightweight concrete. The low thermal conductivity
of lightweight aggregate concrete can be applied in the construction field as a thermal insu-
lation material. This can assist the building to be more comfortable while using less energy.
Furthermore, the application of lightweight aggregate in the concrete will produce excellent
quality structural concrete, which can reduce defects when applied in the construction field.
Therefore, the creation of lightweight aggregate can be a unique material that can be used
in a variety of applications to minimize the usage of natural aggregate and bring benefits
to the environment, such as reducing the dead load of the structure, enhancing thermal
insulation properties, and reducing CO2 emissions.
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Abstract: This study aimed to carry out a scientometric review of rice husk ash (RHA) concrete to
assess the various aspects of the literature. Conventional review studies have limitations in terms
of their capacity to connect disparate portions of the literature in a comprehensive and accurate
manner. Science mapping, co-occurrence, and co-citation are a few of the most difficult phases of
advanced research. The sources with the most articles, co-occurrences of keywords, the most prolific
authors in terms of publications and citations, and areas actively involved in RHA concrete research
are identified during the analysis. The Scopus database was used to extract bibliometric data for
917 publications that were then analyzed using the VOSviewer (version: 1.6.17) application. This
study will benefit academics in establishing joint ventures and sharing innovative ideas and strategies
because of the statistical and graphical representation of contributing authors and countries.

Keywords: rice husk ash; concrete; supplementary cementitious material; waste management;
scientometric analysis; eco-friendly construction material

1. Introduction

Increased greenhouse gas (GHG) discharges have caused the melting of the Antarctic
and Arctic polar ice caps. This has resulted in significant environmental problems on
Earth [1]. The manufacture and transportation of building materials, as well as the installa-
tion and construction of structures, require considerable energy and produce significant
volumes of GHG. In the European Union’s member states, buildings use around 50% of
the total energy consumption and contribute to almost 50% of the CO2 emissions in the
environment over their life cycle, which includes construction, operation, and destruc-
tion [2,3]. The building sector is still experiencing an increase in demand for concrete [4–9].
Ordinary Portland cement (OPC) is a critical component of concrete that contributes con-
siderably to GHG emissions [10–13]. OPC production causes around 5–8% of worldwide
CO2 emissions [14–17]. Annual cement usage is over 4000 million tons and is predicted
to reach approximately 6000 million tons by 2060 [18]. These GHG emissions have been
a significant contributor to climate change [19–21]. In recent years, there has been a rise
in the figure of thorough studies on the many triggers of climate change (natural and
man-made), their effects on living conditions, and possible adaptation and mitigation tech-
niques [22–27]. Blended cement manufacturing demands the use of a number of different
cementitious components because of the higher energy and emission issues associated with
OPC production [28]. Industrial waste utilization as supplementary cementitious materials
(SCMs) is one of the methods that might cause a significant reduction in the usage of OPC,
while also eliminating the risks connected with the disposal of waste materials from varied
sectors [29–33]. Therefore, the most efficient technique for reducing the carbon footprint of
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the construction industry is to replace OPC with suitable alternative SCMs [34–37]. There
are several binders that might be utilized in concrete to decrease GHG emissions from
the concrete industry [38,39]. Utilizing recycled/waste materials in concrete is a viable
method of mitigating the impact of environmental challenges [40]. This not only meets the
increasing need for concrete, but also significantly reduces the direct danger to society [41].
Numerous researchers in the building sector have focused on the utilization of waste
resources, particularly SCMs [42,43]. The production of environmentally friendly concrete
has been critical to decreasing GHG emissions [44]. Agriculture wastes such as rick husk
ash (RHA), sugarcane bagasse ash, olive oil ash, etc., as well as industrial wastes, are being
utilized to partially replace OPC in the manufacture of sustainable concrete [45–49]. By
polluting air and water systems, dumping these waste materials in the open ground creates
a major environmental threat [50]. Globally, rice husk is produced by nearly 110 million
tons and RHA by 22 million tons [51]. Rice husk is effectively and extensively used as
a fuel in numerous nations for rice paddy milling operations and electricity production
facilities [52]. This procedure results in the formation of a pozzolanic substance known as
RHA, which contains more than 75% silica by weight (after incineration, 20% of the rice
husk remains in the form of RHA) [23]. The ash formed by this operation is often dumped
into water flows, contaminating the water and causing ecological damage [53]. Utilizing
waste materials in concrete might enhance the durability and strength of the material
owing to the pozzolanic effect [54]. This decreases industrial demand for OPC, lowering
the expense of producing concrete and mitigating the negative impacts of CO2 discharges
during the OPC production process [28]. Given RHA’s advantageous characteristics as
an SCM, its use is not limited to cementitious concrete, but may also include geopolymer
concrete, self-compacting concrete, fiber-reinforced concrete, pavement blocks, bricks, and
high-performance nanocomposites [55–61].

The key properties of SCMs are their compatibility with aggregates (similar to OPC)
and their better pozzolanic nature [62,63]. The application of RHA in concrete has sparked
tremendous interest in the usage of sustainable and environmentally friendly SCM [64–67].
RHA has amorphous nature, high surface area, and compatibility with OPC-concrete,
which results in outstanding pozzolanic capabilities [55,68–70]. Each kilogram of rice
milled yields 0.28 kg of rice husk [71]. As a result, an enormous quantity of waste is
generated annually. These rice husks are utilized as a fuel source in a variety of sectors
to generate heat energy, including incineration and combustion units [72–74]. After the
complete burning of rice husk, around 20–25% RHA by weight is formed [56]. A very
small quantity of the RHA is subsequently employed as a field fertilizer, and sadly, most
of it is thrown in open landfills [73,75]. RHA includes amorphous silica and calcium
oxide and so may be utilized efficiently as an SCM in concrete [76–78]. Utilizing RHA in
concrete results in better durability and strength, reduced material expenditures owing
to OPC savings, and ecological advantages associated with waste material disposal [48].
RHA has been employed in recent studies as a partial replacement for OPC as well as fine
aggregate in concrete mixes [79–81]. The properties of RHA concrete vary by the amount
of OPC or fine aggregate replaced, the RHA grain size, the chemical characteristics of
RHA independent of the water-cement ratio, and aggregate size/shape in the matrix [82].
However, for optimum strength growth, it is advised that around 10–25% of OPC be
replaced [55,56]. The use of RHA in concrete has a number of benefits, as depicted in
Figure 1. RHA has been researched for its possible use in cement-based composites as SCM
or fine aggregate replacement. Also, natural aggregate extraction uses substantial energy
and leads to increased CO2 discharges [83]. As a result, issues about the manufacturing
and use of OPC may be reduced, while natural resources can be conserved. Thus, including
RHA into cementitious materials reduces the demand for OPC and fine aggregate and
results in an ecologically beneficial building material. Furthermore, waste management
issues can be alleviated by the use of RHA in construction materials.
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Figure 1. Benefits of RHA concrete.

As research on RHA concrete develops in response to the expanding environmental
concerns, scientists face information constraints that may stymie creative investigation and
scholarly collaboration. As a result, it is vital to create and apply a method that enables
researchers to obtain critical information from the most reliable sources feasible. A scien-
tometric method may assist in overcoming this shortcoming via the software application.
The intention of this work is to conduct a scientometric analysis of bibliographic records
published on RHA concrete up to 2021. Using a proper software tool, a scientometric
analysis may undertake a quantitative examination of massive bibliometric data. Conven-
tional review studies are weak in their ability to connect diverse sections of the literature in
a complete and accurate manner. Science mapping, co-occurrence, and co-citation are a
few of the most demanding parts of modern-day exploration [84–86]. The scientometric
analysis identifies sources with the most articles, keyword co-occurrence, the most prolific
authors in terms of papers and citations, and areas actively engaged in RHA concrete
research. The Scopus database was utilized to extract bibliometric data for 917 relevant
articles, which were then evaluated using the VOSviewer program. As a consequence of the
statistical and graphical depiction of authors and countries, this study will aid academics
in forming joint ventures and exchanging novel ideas and methods.

2. Methods

For the quantitative evaluation of the various features of the bibliographic data, this
study carried out the scientometric analysis of the bibliographic data [87–89]. Numerous
papers have been written on the issue, and it is critical to use a search engine that is rep-
utable. Scopus and Web of Science are two very accurate search engines that are particularly
well-suited for this purpose [90,91]. The bibliographic data for this study on RHA concrete
were gathered using Scopus, which comes highly recommended by academics [92,93]. As
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of March 2022, a Scopus search for “rice husk ash concrete” found 1234 articles. Numerous
filter preferences were employed to eradicate superfluous documents. The document types
“journal article”, “conference paper”, “journal review”, and “conference review” were
selected. “Journal” and “conference proceeding” were chosen as the “source type”. The
“publication year” restriction was set to “2021”, and the “language” constraint was set to
“English”. For further examination, the “subject areas” of “engineering”, “material science”,
and “environmental science” were selected. A total of 917 records were kept following the
application of these requirements. Numerous researchers have likewise reported on the
same technique [94–96].

Scientometric investigations employ scientific mapping, a technique developed by
academics for the purpose of analyzing bibliometric information [97]. Scopus records
were saved in the Comma Separated Values (CSV) (see Supplementary Materials) files
for further evaluation using appropriate computer software. VOSviewer (version: 1.6.17)
was employed to generate the scientific visualization and quantitative assessment of the
literature from the retrieved records. VOSviewer is an easily available and open-source
mapping tool that is broadly employed across a range of areas and is well-suggested by
academics [98–101]. As a result, the current study’s goals were satisfied through the use of
the VOSviewer. The obtained CSV files were loaded into the VOSviewer, and additional
assessment was performed while retaining data integrity and consistency. During the
bibliographic assessment, the sources of publications, the highly regularly appearing key-
words, the scholars with the most publications and citations, and the country’s participation
were all assessed. The many facets, their relationships, and co-occurrence were shown
graphically, while their statistical figures were reported in tables. The flowchart of the
scientometric strategy is depicted in Figure 2.

Figure 2. Sequence of the research methods.

3. Analysis of Results

3.1. Relevant Subject Areas and Yearly Publications

The Scopus analyzer was employed to carry out this analysis to discover the most
pertinent study fields. Engineering, materials science, and environmental science were
found to be the leading three document-producing areas, with around 39, 27, and 10% of
documents, respectively, accounting for a total 76% of contributions based on document
count, as seen in Figure 3. Additionally, as seen in Figure 4, the kind of paper was evaluated
in the searched term in the Scopus database. According to this research, journal articles,
conference papers, journal reviews, and conference reviews accounted for almost 66, 25, 7,
and 2% of total documents, respectively. The yearly trend in publications in the present
research area from 1977 to 2021 is depicted in Figure 5, since the first document on the
subject research field was discovered in 1977. In the research of RHA concrete, a slow
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increase in the amount of publications was seen, with an average of roughly three papers
per year up to 2000. Following this, there was a continuous increase in publications, with
an average of roughly 20 papers each year from 2001 to 2016. The quantity of publications
increased significantly during the previous five years (2017–2021), averaging approximately
110 each year.

Figure 3. The subject area of articles.

Figure 4. Various types of documents published in the related study field.
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Figure 5. Annual publication trend of articles.

3.2. Sources of Publications

The assessment of publication sources was carried out using the VOSviewer on the
collected bibliographic data. During the analysis, “bibliographic coupling” was selected
as the “kind of analysis”, while “sources” were retained as the “unit of analysis”. At least
ten papers per source restraint were set, and 14 of the 265 publication sources met these
criteria. Table 1 shows the publishing sources that published a minimum of ten documents,
providing data on RHA concrete, up to 2021, together with the amount of citations obtained
during that time period. The main three sources/journals based on paper count are
“Construction and building materials”, “IOP conference series: materials science and
engineering”, and “Materials today: proceedings”, with 110, 48, and 45 papers, respectively.
Moreover, the top three sources based on the overall citations are “Construction and
building materials” with 6797, “Cement and concrete composites” with 2268, and “Journal
of cleaner production” with 1579. Remarkably, this exploration would provide a basis for
upcoming scientometric investigations in the research of RHA concrete. In addition, prior
traditional reviews were unable to generate scientific visualization maps.

Figure 6 illustrates a map of journals that have published a minimum of ten documents.
The box size is proportional to the journal’s impact on the current research area’s document
quantity; a bigger box dimension implies a superior impact. As an example, “Construction
and building materials” has a bigger box than the others, implying that it is a source
of considerable importance in that field. Five clusters were created, each of which is
represented in the artwork by a different hue (red, blue, green, yellow, and purple). Clusters
are formed on the basis of the research source’s extent or the frequency with which they
are co-cited in a similar article [102]. The VOSviewer created clusters of journals based
on their co-citation patterns in published papers. For instance, the red cluster consists of
six sources that have been co-cited several times in identical works. Additionally, nearly
spaced frames (journals) in a cluster have stronger relationships than widely distributed
frames. For instance, “Construction and building materials” is more strongly correlated
with “Materials today: proceedings” than with “Journal of cleaner production”.
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Table 1. Publication sources with at least ten publications in the related research field up to 2021.

S/N Publication Source Number of Publications Total Number of Citations

1 Construction and building materials 110 6797
2 IOP conference series: materials science and engineering 48 110
3 Materials today: proceedings 45 227
4 American concrete institute, ACI special publication 35 261
5 International journal of civil engineering and technology 32 54
6 IOP conference series: earth and environmental science 28 22
7 Journal of cleaner production 27 1579
8 Cement and concrete composites 21 2268
9 Journal of materials in civil engineering 17 424
10 Cement and concrete research 14 1539
11 materials 13 215
12 Journal of building engineering 10 144
13 International journal of applied engineering research 10 96

14 International journal of innovative technology and
exploring engineering 10 10

Figure 6. Scientific visualization of publication sources with at least ten publications in the related
research area.

3.3. Keywords

Keywords are important in research because they define and highlight the study
domain’s fundamental subject [103]. The “analysis type” was set to “co-occurrence” and
the “analysis unit” to “all keywords” for the evaluation. The least repetition constraint
for a keyword was maintained at 20, and 96 of the 4185 keywords were retained. The
leading 20 keywords most commonly used in published articles in the topic area are
listed in Table 2. Rice husk ash, compressive strength, concretes, fly ash, and cements
are the five most-often appearing keywords in the subject research area. According to
the keyword analysis, RHA has been studied primarily as an SCM in normal concrete,
self-compacting concrete, and high-performance concrete, as well as a precursor material in
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geopolymers. Figure 7 depicts a visualization map of keywords in terms of co-occurrences,
linkages, and the density related to their frequency of occurrence. In Figure 7a, the size
of a keyword circle implies its frequency, whereas its position implies its co-occurrence
in articles. Also, the graph illustrates that the leading keywords have wider circles than
the others, implying that they are critical terms for RHA concrete research. Clusters of
keywords have been highlighted in the graph in a way that reflects their co-occurrence
across a range of publications. The color-coded clustering is based on the co-occurrence of
numerous keywords in published publications. The existence of four clusters is indicated
by distinct colors (blue, red, green, and yellow) (Figure 7a). As seen in Figure 7b, different
colors indicate varying concentrations of keyword density. The colors red, yellow, green,
and blue are organized, corresponding to their density concentrations, with red indicating
the highest and blue indicating the lowest density concentration. Compressive strength,
rice husk ash, and concretes all exhibit red signs implying a higher concentration of density.
This discovery will assist aspiring authors in choosing keywords that will facilitate the
identification of published data in a certain field.

Table 2. The leading 20 frequently employed keywords in the research of RHA concrete.

S/N Keyword Occurrences

1 Rice husk ash 460
2 Compressive strength 402
3 Concretes 284
4 Fly ash 214
5 Cements 185
6 Concrete 173
7 Portland cement 154
8 Durability 146
9 Silica fume 126
10 Mechanical properties 106
11 Silica 103
12 Tensile strength 83
13 Water absorption 83
14 Slags 81
15 Chlorine compounds 78
16 Concrete mixtures 75
17 Agricultural wastes 72
18 Supplementary cementitious material 70
19 Aggregates 66
20 High performance concrete 64

3.4. Authors

Citations indicate a researcher’s influence within a certain study domain [104]. For
the evaluation of authors, the “kind of analysis” was chosen “co-authorship”, and the
“unit of analysis” was chosen “authors”. The minimal paper restrictions for a writer were
kept at 5, and 50 of the 2226 authors met this condition. Table 3 summarizes the most
prolific authors in terms of publications and citations in the research of RHA concrete, as
determined by data obtained from the Scopus search engine. The average citations for each
author were calculated by dividing the total citations by the total publications. It will be
difficult to quantify a scientist’s efficacy when all factors such as the number of publications,
total citations, and average citations are included. In contrast, the writer’s assessment will
be determined independently of each factor, i.e., total publications, total citations, and
average citations. Nuruddin M.F. is the leading author with 16, followed by Zain M.F.M.
and Mahmud H.B. with 14 each, and Shafiq N. with 13 publications. Jaturapitakkul C.
leads the field in terms of total citations with 973, Zain M.F.M. is second with 738, and
Chindaprasirt P. is third with 668 total citations in the current study area. Furthermore,
when comparing average citations, the following writers stand out: Jaturapitakkul C. has
around 97, Chindaprasirt P. has approximately 84, and Bui D.D. has approximately 82
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average citations. Figure 8 illustrates the relationship between authors who have published
at least ten publications and the most eminent authors. It was noticed that the largest set
of connected authors based on citations are 6 of the 60 authors. This study revealed that a
small number of writers are connected by citations in the research of RHA concrete.

Figure 7. Keywords analysis: (a) scientific visualization; (b) density visualization.
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Table 3. Authors with at least five publications in the research of RHA concrete up to 2021.

S/N Author Number of Publications Total Number of Citations Average Citations

1 Nuruddin M.F. 16 309 19
2 Zain M.F.M. 14 738 53
3 Mahmud H.B. 14 397 28
4 Shafiq N. 13 260 20
5 Jaturapitakkul C. 10 973 97
6 Makul N. 10 335 34
7 Isaia G.C. 9 635 71
8 Gastaldini A.L.G. 9 581 65
9 Stroeven P. 9 357 40

10 Rüscher C.H. 9 196 22
11 Ramadhansyah P.J. 9 90 10
12 Bahurudeen A. 9 56 6
13 Chindaprasirt P. 8 668 84
14 Siddique R. 8 487 61
15 Karim M.R. 8 380 48
16 Sua-Iam G. 8 334 42
17 Tchakouté H.K. 8 189 24
18 Nimityongskul P. 8 59 7
19 Jamil M. 7 441 63
20 Alengaram U.J. 7 222 32
21 Hainin M.R. 7 44 6
22 Mohamad N. 7 31 4
23 Bui D.D. 6 492 82
24 Ludwig H.-M. 6 437 73
25 Cordeiro G.C. 6 290 48
26 Soudki K.A. 6 248 41
27 Kamseu E. 6 214 36
28 Leonelli C. 6 214 36
29 Raman S.N. 6 213 36
30 Alyousef R. 6 73 12
31 Jaya R.P. 6 68 11
32 Murthi P. 6 24 4
33 Islam M.N. 5 327 65
34 Le H.T. 5 308 62
35 Safiuddin M. 5 247 49
36 West J.S. 5 247 49
37 Giaccio G. 5 229 46
38 Zerbino R. 5 229 46
39 Sugita S. 5 209 42
40 Jumaat M.Z. 5 167 33
41 Gobinath R. 5 64 13
42 Wan Ibrahim M.H. 5 60 12
43 Alabduljabbar H. 5 40 8
44 Fediuk R. 5 39 8
45 Hossain Z. 5 39 8
46 Samad A.A.A. 5 28 6
47 Jaini Z.M. 5 22 4
48 Hadipramana J. 5 10 2
49 Riza F.V. 5 10 2
50 Fang G. 5 0 0

3.5. Documents

The amount of citations a document obtains reflects its influence on a certain area of
research. Papers with a high citation count are recognized as pioneers in their respective fields
of research. For the assessment of documents, the “kind of analysis” was set to “bibliographic
coupling” and “unit of analysis” to “documents”. The least citations requirement for a
document was 50, and 121 of 917 documents satisfied this requirement. The top ten papers in
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the area of RHA concrete by citations are included in Table 4, along with their writers and
citation information. Ganesan K. [105] received 346 citations for their article “Rice husk ash
blended cement: Assessment of optimal level of replacement for strength and permeability
properties of concrete”. G.C. Isaia [106] and D.-Y. Yoo [107] received 329 and 228 citations,
respectively, for their publications and were positioned in the leading three. However, up until
2021, only 18 publications received more than 200 citations. In addition, Figure 9 illustrates
the map of linked papers based on citations, as well as the density of those documents in the
current study subject. The analysis revealed that 112 of 121 papers were linked by citations.
Figure 9a illustrates the citation-based mapping of connected articles. Also, the density
mapping (Figure 9b) reveals the top articles’ enhanced density concentration.

Figure 8. Scientific visualization of authors that published articles in the related research area.

Table 4. The top ten highly cited published articles up to 2021 in the research of RHA concrete.

S/N Article Title Total Number of Citations Received

1 Ganesan K. [105] Rice husk ash blended cement: Assessment of optimal level of
replacement for strength and permeability properties of concrete 346

2 Isaia G.C. [106] Physical and pozzolanic action of mineral additions on the
mechanical strength of high-performance concrete 329

3 Yoo D.-Y. [107] Mechanical properties of ultra-high-performance fiber-reinforced
concrete: A review 288

4 Bui D.D. [108] Particle size effect on the strength of rice husk ash blended
gap-graded Portland cement concrete 283

5 Sata V. [109] Influence of pozzolan from various by-product materials on
mechanical properties of high-strength concrete 278

6 Zhang M.-H. [110] High-performance concrete incorporating rice husk ash as a
supplementary cementing material 271

7 Rodríguez De Sensale G. [53] Strength development of concrete with rice-husk ash 261

8 Nehdi M. [111] Performance of rice husk ash produced using a new technology
as a mineral admixture in concrete 257

9 Paris J.M. [112] A review of waste products utilized as supplements to Portland
cement in concrete 232

10 Wongpa J. [113] Compressive strength, modulus of elasticity, and water
permeability of inorganic polymer concrete 223
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Figure 9. Scientific mapping of published articles in the related research area up to 2021; (a) connected
articles in terms of citations, (b) density of connected articles.
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3.6. Countries

Several countries have contributed more to current research than others have and
are expected to contribute further. The network map was created to allow readers to
view areas committed to the research of RHA concrete. “Bibliographic coupling” was
selected as the “kind of analysis”, and “countries” as the “unit of analysis”. The minimum
document limit for a nation was set at 10, and 27 countries met this requirement. The
nations listed in Table 5 have published at least ten documents in the present study field.
India, Malaysia, and Thailand presented the most papers with 293, 133, and 48 documents.
Moreover, these nations received the most citations, with Malaysia receiving 3104, India
receiving 3098, and Thailand receiving 2049 citations. Figure 10 illustrates the visualization
of the science mapping as well as the density of nations connected via citations. The
size of a box is proportional to a nation’s effect on the subject research (Figure 10a). The
nations with the most engagement had a higher density, as indicated by the density
visualization (Figure 10b). The statistical and graphical analysis of the contributing states
will aid emerging researchers in establishing scientific alliances, forming joint ventures,
and exchanging innovative techniques and ideas. Researchers from nations interested in
promoting research on RHA concrete can work with experts in the field and profit from
their experience.

Table 5. Leading countries based on published documents in the present research area until 2021.

S/N Country Number of Publications Total Number of Citations

1 India 293 3098
2 Malaysia 133 3104
3 Thailand 48 2049
4 Indonesia 46 271
5 Iran 44 1528
6 Brazil 39 1294
7 United States 39 1180
8 China 39 818
9 Pakistan 37 728

10 Nigeria 28 360
11 Germany 25 729
12 Canada 22 1270
13 Vietnam 21 1334
14 Australia 21 459
15 Saudi Arabia 21 225
16 United Kingdom 19 394
17 Bangladesh 18 481
18 Netherlands 14 834
19 Japan 14 450

20 Russian
Federation 13 186

21 Iraq 12 225
22 Spain 12 153
23 Turkey 11 358
24 Cameroon 11 295
25 South Korea 10 736
26 Egypt 10 240
27 Colombia 10 223
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Figure 10. Scientific visualization countries with at least ten publications in the related research area
up to 2021: (a) network visualization; (b) density visualization.
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4. Discussions and Future Perspectives

This study provided a statistical overview and mapping of various aspects of the
literature on RHA concrete. Previous manual review studies have limitations in terms of
their ability to comprehensively and accurately connect diverse sections of the literature.
This study identified sources (journals) that published most articles, most commonly
employed keywords in the published papers, articles and authors having most citations,
and countries actively involved in the research of RHA concrete. The analysis of keywords
identified that RHA had been examined for its possible applications as SCM in conventional
concrete, self-compacting concrete, and high-performance concrete due to the presence of
high silica content in its chemical composition [114–118]. In addition, the use of RHA is
also researched for manufacturing geopolymer concrete [119–121]. RHA provides several
advantages when used in concrete. RHA has been investigated for prospective use as a
cement or fine aggregate substitute in concrete. The issues associated with manufacturing
and the use of cement might be decreased [122]. Also, because natural aggregate extraction
consumes a significant amount of energy and results in higher CO2 emissions [123]. As
a consequence, concerns regarding natural resource depletion may be alleviated. Thus,
the incorporation of RHA into concrete minimizes the need for cement and fine aggregate,
resulting in a more environmentally friendly construction material [124]. By incorporating
RHA into construction materials, waste management difficulties can be solved [73]. In
addition, the most active and contributing countries in terms of publications were identified
from the literature and their connections based on citations. The statistical and graphical
representations of the contributing states will assist developing scholars in creating scientific
partnerships, establishing joint ventures, and exchanging novel approaches and ideas.
Researchers from countries interested in advancing RHA concrete research can collaborate
with professionals in the area and benefit from their knowledge.

Most of the RHA applications stated above are still in their development, and more in-
depth analyses are necessary before broadening their applicability [71]. Furthermore, in the
present practice, the utilization of RHA concrete in full-scale reinforced concrete structures
under service and high loading circumstances has not been examined. Additionally, there
are currently no clear standards for the preparation, processing, and use of RHA on a
larger scale. In the available literature, researchers have solely relied on their intuition to
determine the optimal degree of cement and fine aggregate replacement using RHA [105].
Additionally, previous work has not explored the compatibility and long-term durability of
RHA concrete. Steel reinforcement corrosion in RHA-blended concrete must be researched
in water, chloride, sulphate, and acidic environments over an extended period of time. Also,
because information on the life cycle evaluation of RHA concrete is limited and needs to be
thoroughly examined. To enhance the strength of concrete, alternative and supplemental
additives such as nano-silica and fibers can be added to RHA concrete. Additionally, the
high concentration and coarser character of RHA allow for the formation of a porous and
less dense matrix of the concrete. Nonetheless, the addition of nano-clay, short fibers, and
nano-silica to concrete has demonstrated the ability to increase its density, shock resistance,
and tensile stress resistance. As a result, these additives combined with RHA-blended
concrete may provide another sustainable material for future construction.

5. Conclusions

The objective of this study was to conduct a scientometric analysis of the available
literature on rice husk ash (RHA) concrete in order to assess various measures. The Scopus
database was queried for 917 relevant papers, and the results were analyzed using the
VOSviewer program. The following findings were drawn from this study:

• An analysis of publication sources containing documents on RHA concrete research
exposed that the topmost three sources are “Construction and building materials”,
“IOP conference series: materials science and engineering”, and “Materials today:
proceedings”, with 110, 48, and 45 papers, respectively, Also, the leading three publi-
cation sources in terms of overall citations are “Construction and building materials”
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with 6797, “Cement and concrete composites” with 2268, and “Journal of cleaner
production” with 1579.

• A keyword analysis of the subject study field shows that the five most-often appearing
keywords are rice husk ash, compressive strength, concretes, fly ash, and cements. The
keyword analysis revealed that RHA had been studied primarily as a supplemental
cementitious material (SCM) in concrete.

• Author analysis revealed that only 50 writers had published at least five publications
on RHA concrete research. The top writers were classified according to their number
of publications, citations, and average citations. Nuruddin M.F., with 16, Zain M.F.M.,
and Mahmud H.B., with 14 each, and Shafiq N., with 13 papers, are the top three
authors in terms of overall publications. With 973 citations, Jaturapitakkul C. leads the
field, followed by Zain M.F.M. with 738 and Chindaprasirt P. with 668 citations until
2021. In addition, when the average number of citations is compared, the following
authors stand out: C. Jaturapitakkul has around 97, P. Chindaprasirt has approximately
84, and D.D. Bui has approximately 82 average citations.

• According to an analysis of papers providing data on RHA concrete, Ganesan K. [105]
received 346 citations for their article “Rice husk ash blended cement: Assessment of
optimal level of replacement for strength and permeability properties of concrete”.
G.C. Isaia [106] and D.-Y. Yoo [107] received 329 and 228 citations, respectively, for their
publications and were positioned in the best three. Moreover, only 18 publications
acquired more than 200 citations in the subject area from 2011 to 2021.

• The leading nations were assessed based on their participation in RHA concrete
research, and it was determined that only 27 countries published at least ten papers.
India, Malaysia, and Thailand each delivered 293, 133, and 48 papers, respectively.
In addition, these nations received the most citations, with Malaysia receiving 3104,
India receiving 3098, and Thailand receiving 2049 citations.

• RHA has been investigated for its potential uses as SCM in conventional concrete,
self-compacting concrete, and high-performance concrete because of the high silica
concentration in its chemical composition. Furthermore, RHA is being investigated
for application in the production of geopolymer concrete.

• The application of RHA in the construction sector will result in green construction by
reducing cement demand and conserving natural sources when used as a substitute
for cement and fine aggregate.

• The majority of the RHA applications are still under investigation, and further analysis
is required before widening their effectiveness.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma15103431/s1. Table S1: Data retrieved from the Scopus database
and used for the analysis.
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Abstract: Due to the extraordinary properties for heavy-duty applications, there has been a great
deal of interest in the utilization of waste material via geopolymerization technology. There are
various advantages offered by this geopolymer-based material, such as excellent stability, exceptional
impermeability, self-refluxing ability, resistant thermal energy from explosive detonation, and ex-
cellent mechanical performance. An overview of the work with the details of key factors affecting
the heavy-duty performance of geopolymer-based material such as type of binder, alkali agent
dosage, mixing design, and curing condition are reviewed in this paper. Interestingly, the review
exhibited that different types of waste material containing a large number of chemical elements had
an impact on mechanical performance in military, civil engineering, and road application. Finally,
this work suggests some future research directions for the the remarkable of waste material through
geopolymerization to be employed in heavy-duty application.

Keywords: geopolymer; waste material; heavy duty application

1. Introduction

In 2000, the world population was over 6 billion people, and it is predicted to grow by
50% in the next half-century, reaching 9 billion in 2050 [1]. Countless products and goods
will be delivered via distribution infrastructure to fulfil the requirements and demands
of individuals seeking pleasant and convenient lifestyles. As the global economy grows,
people began to purchase more items and goods, resulting in an increase in the number
of products created and consumed. Solid trash is generated throughout these processes,
which is then collected by municipalities and the private waste management industry
for recycling or disposal purposes. As society becomes more prosperous, more garbage
is produced. Currently, Asia generates roughly one-fourth of the world’s solid waste,
although this is predicted to increase to one-third by 2050 [2].

To minimize resources depletion, the Seventh Millennium Development Goal (MDG),
which focuses on environmental sustainability through capacity building and sound envi-
ronmental decision making, calls for the integration of sustainable development strategies
into country policies. As a result, one of its key proposals is to Reduce, Reuse, and Recycle,
or “3R” [3]. The Society of Solid Waste Management Experts in Asia and the Pacific Island
(SWAPI), a network of solid waste management experts, was founded in 2005 with the goal
of promoting the 3R’s for solid waste, namely, waste reduction, reuse, and recycling, as
well as improving waste management to achieve a 3R Society to conserve natural resources
and preserve our living environment.
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Economic activity, resource consumption, and economic growth are all intricately
related to waste volumes. Economic expansion in Southeast Asian countries is driving
annual urban growth rates of 6–8%, a pattern that is likely to last several decades. The
trend in waste generation is expected to accelerate as economic developments rise. Table 1
shows the trends in waste generation. Economic trends, demographic projections, and
municipal solid waste (MSW) per capita generation rates are used to estimate them. Table 1
demonstrates that in middle-income countries like Malaysia, Thailand, Indonesia and
Philippines, waste generation will grow by about 0.3 kg/capita. The growth is mostly
due to the prevalence of paper, plastic, bulk waste, and other multi-material packaging
in middle-income countries’ waste streams. The waste generation rate in Singapore, a
high-income country, is expected to remain relatively steady until falling drastically below
its current level.

The waste generation rate in the other nations—Vietnam, Cambodia, Laos, Brunei,
and Myanmar—will rise by four to six times the current amount. The density of organic
matter and ash residues in waste streams is larger in low-income nations. Additionally,
the growing proportion of plastic and paper garbage in the waste stream will contribute
to the rising waste volume. In general, the total amount of waste in ASEAN is expected
to increase by around 1 million tonnes per day until 2025, compared to existing waste
volumes, due to the projected expanding path of economic development [4].

Table 1. The rate of municipal solid waste generation per capita in urban ASEAN by 2025.
Reprinted/adapted with permission from [5]. 2009. Ngoc.

Country

Gross National Product
Per Capita (USD)

Waste Generation Rate (kg/cap/day) Predicted Urban Waste Generation

1995 2025
Generation Rates

(kg/cap/day)
Total Waste
(tons/day)

Municipal Solid
Waste (kg/cap/day)

Total
(tons/day)

High Income

Singapore 26,730 36,000 1.1 4840 1.1 4840

Middle Income

Thailand 2740 6700 0.64 15,715 1.5 3673
Indonesia 980 2400 0.76 96,672 1.0 1272

Philippines 1050 2500 0.52 33,477 0.8 5150
Malaysia 3890 9440 0.81 15,663 1.4 2681

Low Income

Vietnam 240 950 0.61 19,983 1.0 3276
Brunei 260 750 0.66 149,140 0.95 2169

Cambodia 220 700 0.52 3544 1.1 7497
Myanmar 240 580 0.45 12,118 0.85 2289

Laos 350 850 0.55 1379 0.9 2257

Out of about 300 MtCO2e that comes from emerging countries in South and East Asia,
the Intergovernmental Panel on Climate Change (IPCC) estimates that landfill methane
will reach 1103 MtCO2e and 1218 MtCO2e in 2020, and 2030, respectively [6]. As a result,
proper mitigations must be put in place to prevent future greenhouse gas emission (GHG)
from entering the atmosphere. In line with the effort, 3R actions that encourage sustainable
waste management often helps to reduce GHG emissions that contribute to the global
warming issue. Therefore, as a result of the waste reduction approach, less waste materials
were dumped into landfills, reducing the waste material’s degradation potential and,
consequently, lowering GHG emissions. This is especially important when dealing with the
municipal solid waste (MSW)’s organic component. Diverting organic waste from landfills
can minimize the conversion of organic compounds into harmful methane gas, which has
21 times the global warming potential of carbon dioxide.
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However, the disposal of these wastes in these landfills, based on present regulations,
does not provide efficient and effective management of these solid wastes, which continue
to pose a serious environmental danger. Furthermore, a significant amount of waste is
still generated each year, with the little land area available to dispose of it. Hence, finding
creative ways to value and transform these solid wastes for varied applications would
contribute to the implementation of a circular economy and the attainment of a sustainable
environment.

Type of Waste

External factors, such as geographic location, population standard of living, energy
sources, and weather, influence waste composition. Quantifying and classifying the various
forms of waste created are the most basic stage in waste source management. It is critical to
have a system in place for collecting, sorting, and analysing basic waste information, such as
the source of wastes, the quantities of waste generated, their composition and characteristic,
seasonal variations, and future generation trends. Since municipal, industrial, agricultural,
hazardous, and toxic waste, as well was wastewater, require different treatment methods,
this is the best way to identify the method to treat waste.

It is possible to find the exact innovation that meets our needs, but we must acknowl-
edge that it will have a significant impact on society and the environment in the future.
Researchers are on the lookout for better technology that ensures sustainable development
while also protecting our community. As the human population continues to grow, it
appears that human needs are increasing as well, resulting in increased demand for food
and other necessities. This rising demand also results in waste problem. Agricultural
garbage, industrial waste, and domestic waste are polluting the society today, spreading
diseases, and destroying nature’s beauty. If this waste is not properly disposed over time,
we may not be able to provide a clean and hygienic environment for future generations. It
is now our responsibility to appropriately dispose of the waste materials. Garbage can be
combined with other materials to be used for various purposes in order to add value to it.
Waste materials as reinforcement in composites appear to be a superior option, as it also
improves polymer characteristics. Table 2 highlights the various forms of solid waste that
are found in our environment and therefore can be effectively utilized.

Table 2. Solid wastes and related possible uses are described in detail.

Type of Waste Sources of Content Potential Application References

Hazardous Waste Trash from galvanising, tannery waste,
and metallurgical waste Cement brick, tiles, boards [7,8]

Mining Mineral Waste
Overburden waste tailing from the

iron, coal wateriest waste, copper, gold,
zinc and aluminium industries

Light-weight aggregate fuel, brick, tiles [9,10]

Agro Waste

Cotton stalks, husk from packed rice
and wheat straw, sawmill waste, jute

and banana stalks, nut shells, sisal, and
vegetable residue

Insulation boards, particle board, wall
panel, roofing sheets, fibrous construction
panel, fuel binder, acid resistant cement

[11–13]

Industrial Waste
Bauxite red mud, steel slag,

construction detritus,
coal combustion residues

Bricks, blocks, cement, paint, wood
substitutes, tiles, concrete,

and ceramic goods
[14–16]

Non-hazardous Waste Gypsum waste, lime sludge limestone
waste, marble production waste,

Cement clinker, super sulphate hydraulic
binder, gypsum plaster, fibrous gypsum,

boards, bricks and blocks
[17,18]

Municipal Solid Waste Soft drink bottle, jar for food,
cosmetics product

Replacement binder material,
supplementary material in concrete, soil

stabilization
[19,20]

Municipal solid waste is generated by households, commercial activities, and other
sources with activities that are similar to those of households and commercial enterprise,
such as waste from offices, hotels, supermarkets, shops, school, and institutions, as well
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as municipal services like street cleaning and recreational area maintenance. Food waste,
paper plastic, rags, metal, and glass are the most common categories of MSW, along with
some hazardous household wastes such as light bulbs, batteries, waste pharmaceuticals,
and automotive parts.

Industrial waste is a type of trash produced by manufacturing processes such as
factories, mill, and mines. It has been yielded since the beginning of the industrial revolu-
tion. Most industrial wastes, such as waste fibre from agriculture and logging, are neither
harmful nor toxic. From a wide range of industrial processes, the manufacturing industry
generates a variety of waste streams. Basic metals, tobacco products, wood and wood prod-
ucts, and paper and paper products are among the most waste-generating industrial sectors
in Southeast Asia, particularly in Singapore and Malaysia. In 2000, the Southeast Asian
nations contributed to an estimated 19 million tonnes of industrial waste [5]. Meanwhile,
in 2010, the Southern American nations passed legislation on “National policy on Solid
Wastes” This policy aims to put an end to the disposal of solid waste at open-air dumps,
which are placed where waste is simply dumped on the ground [21].

Plastic is a common packaging material, ranging from the well-known disposable
plastic carrying bag to the plastic milk bottle. Single-use plastics are a source of concern
since they waste a valuable resource when they end-up in landfills. The paper “ The New
Plastic Economy” [22] intends to inspire businesses and society to move towards a “circular
economy” model for plastic by highlighting impediments to global material flows as well
as enablers such as digital technologies [23]. Similarly, the increasing popularity of fiber
reinforced polymer composites has been aided by the demand for energy and other limited
resources. Vehicles (cars, trains, boats, and planes) can be lighter owing to composites,
which improve fuel efficiency. Furthermore, the wind turbine requires lightweight turbines
blades, and fibre reinforced composites are an obvious solution. Although composites are
long-lasting, waste generated during the manufacturing process is a current concern, and as
end-of-life approaches, there will be future concern about ‘disposing’ of massive composites
structure. The Composites UK report [24] identifies the recycling alternative for composite
materials and compares the environmental impact of various recycling techniques.

Owing to enhanced features such as high specific stiffness, high specific strength, high
impact resistance, high abrasion resistance, better corrosion resistance, and higher chemical
resistance, polymer matrix composites are widely employed in a variety of applications.
They also have low thermal resistance and a high coefficient of thermal expansion. Polymer
composites are made up of a polymer matrix with inorganic or organic fillers, which
can either be natural or synthetic. Typically, fillers improve the required properties of
polymers while also lowering the associated cost. At the time being, due to their improved
thermal, mechanical, chemical, and barrier qualities, polymer composites are being used
as engineered materials with a variety of applications [25]. Polymer matrix composites
are in high demand across a wide range of industries, including aerospace, automobiles,
sport, medicine, electronic, civil, communications, energy, construction, industry, marine,
military, and various household item applications [26].

Waste material made of geopolymer can be employed to meet the increased demand.
Various studies on mixed-based geopolymers are now underway. Previous paper addressed
a wide range of recycling waste material to produce advance material as a non-essential
application. In contrast, this review will focus on geopolymerization technology in the
most often used integrated waste material generation towards heavy duty application.
The geopolymerization method with various waste materials can be implemented for the
greenhouse gases reduction in the environment. Finally, based on the gaps revealed in the
previous literature, additional research opportunities have been proposed.

2. Geopolymerization

Geopolymerized composites are currently being studied as a possible replacement for
traditional Portland cement-based construction materials. Initially, geopolymer research
was limited to natural raw materials such as kaolin, metakaolin, silica fumes, and calcined
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clays; however, in recent years, the scope of research has expanded to include industrial
waste products such as fly ash [27,28], clay-based slag [29,30], palm oil fuel [31] ash, and so
on (shown Figure 1) to make them more economically and environmentally sustainable.
The fact that practically precursor materials (both natural and industrial waste by-products)
emit far less CO2 than cement ensures environment sustainability [32]. Considering the
high generation (compared to utilization) of industrial waste by-products, disposal con-
cerns, and their harmful/hazardous nature, immobilization/use as a precursor is even
environmentally viable. According to current estimates, using geopolymer as a cement
substitute in construction products can reduce overall CO2 emissions by anywhere from
9% to 64% [32,33]. In fact, these precursor materials are massively generated by industries
throughout the world, including fly ash amounting up to 780 million tonnes per year [34,35]
(75% to 80% of global annual ash production [36]), palm oil fuel ash, 11 million tonnes
per year [37], rice husk ash, 20 million tonnes per year [38,39], red mud alumina, 120 mil-
lion tonnes per year [40], and the tremendous occurrence of clay kaolin deposits in the
earth [41,42]. Furthermore, after accounting for the cost of alkaline activators, the price of
geopolymer concrete might be as low as 10–30% lower than conventional cement-based
concrete due to reduced price in industrial waste by-products and processing of natural
precursor compared to cement.

 
Figure 1. Common type of precursor materials used in geopolymer material.

Geopolymer precursor material must be alumina (Al2O3) and silica (SiO2) component,
preferably in reactive amorphous form, in both natural and by-product forms. For the
geopolymerization of these aluminosilicate precursors, alkaline activating solutions such as
potassium or sodium hydroxide (KOH, NaOH), and potassium or sodium silicate (K2SiO3,
Na2SiO3) are required. The primary phase begins with the dissolution. In an alkaline
media, the species interact ionically, followed by the breakage of the covalent bond between

243



Materials 2022, 15, 3205

silicon, aluminium, and oxygen atoms. Alkali cations such as Na+, Ca2+, K+, Li+, and other
charges balance negatively charged ion linked with tetrahedral Al (III). Following that,
precursor ions are transported, oriented, and condensed into monomers. Coagulation and
gelation are the next steps in the process. Finally, polycondensation of monomers forms
rigid 3D networks of silica aluminates [43]. Figure 2 illustrates a conceptual diagram of the
several steps of geopolymerization. However, several researchers focus on the variables
that could influence the mechanical properties of geopolymer concrete in either a good
or negative way. The main disadvantages of geopolymer concrete, as well as the key
limitation on geopolymer concrete applications, were found to be the high workability loss
rate, short setting time, and the need for heat curing. The type of alkali activator, alkali
dosage, fineness of material, and the molar oxide ratios are the most apparent factors that
determine the geopolymer properties.

 

Figure 2. Conceptual process of geopolymerization.

Geopolymer concrete (GPC) is a revolutionary and environmentally friendly concrete
that hardens by reacting aluminosilicate waste materials with alkaline activating solutions
instead of using cement [44]. GPC allows for a reduction in the requirement for cement pro-
duction while also providing more outlets for waste materials and industrial by-products.
When compared to cement-based concrete, it is projected that using GPC might save up to
43% on energy and lower greenhouse gas emission by 9–80% [45]. This wide range is owing
to the complexities of calculating emissions, which depend on a number of factors such as
local conditions, transportation, and the mix design itself [19]. In addition, compared to
regular concrete, GPC has better durability features, such as chloride resistance [46], high
temperature resistance [47,48], freeze-thaw cycles [49], and carbonation resistance [50]. It
has been demonstrated that GPC has appropriate compressive and tensile strength [51].

3. Waste-By Products Based Geopolymer

Fly ash is a by-product of the manufacturing process of coal combustion that is split
into two classes: class F and class C. The combustion of bituminous coal creates a king of
fly ash known as class F fly ash, which has a very low CaO level (FFA). Class C fly ash with
high calcium content is also produced using lignite and sub-bituminous coal as new power
sources [52]. FFA has a similar composition to natural volcanic ash [53]. Fly ash is a readily
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available by-product with a microscopic shape of small spherical particles that is commonly
utilized as a raw material for manufacturing geopolymer [43,54]. The high free-CaO level
of CFA limits its use in the OPC system, and its use in geopolymer preparation has been
beyond imagination [55]. The chemical composition of various raw materials is shown in
Table 3, FFA and CFA have Si/Al ratios of 1.86–3.09 and 1.82–2.52, respectively. Fly ash
has been used in cement and concrete since the early 20th century, and it is often used as
a major component. It is better for the environment to use FA instead of cement because
it minimizes greenhouse gas emission and construction budgets. FFA has a reasonable
price, is readily available, has a nice spherical structure, and the aluminate and amorphous
silicate have a high activity. In alkali activator solution, high-strength geopolymers can be
easily generated [56].

Due to the existence of amorphous phases, high hardness, and pozzolanic activity,
ground granulated blast furnace slag (GGBS) is mostly utilized as a partial alternative of
OPC after grinding, depending on the cooling condition [57]. Table 3 shows that GGBS
is extremely reactive in geopolymers synthesis, and a satisfactory reaction rate can be
achieved at temperatures as low as room temperature. When slag is utilized as a cement
alternative, it produces less heat during hydration, which reduces the risk of cracking [58].
GGBS can be utilized in a variety of situations such as to enhance concrete porosity, long-
term strength, and resistance to sulphate and alkali silicate reactivity, as well as hydration
heat, permeability, and lower water demand [59,60].

The Bayer process, which is employed in industrial aluminium refining, produces
red mud (RM) as a by-product. The Bayer method dissolves the soluble component of
bauxite with sodium hydroxide at high temperatures and pressures. A small quantity of
sodium hydroxide employed in this method will invariably remain in the RM, leading to
higher pH value [61]. By eliminating the need for mud drying, using RM in the form of
mud saves time and energy. It also reduces the total amount of alkali activator by utilizing
high alkalinity red mud, thus lowering the cost of geopolymer manufacturing [62]. The
appropriate replacement value of RM for FA-based geopolymers varies depending on
NaOH concentration and curing conditions [63]. Furthermore, the geopolymer mixed with
red mud has increased strength and durability, according to the research by Liu et al. [64].

Table 3. Chemical composition of various waste by-product geopolymers.

Type of Slag
Chemical Composition (wt %)

SiO2 Al2O3 CaO MgO Fe2O3 K2O Na2O SO3

Fly Ash [65] 55.38 28.14 3.45 1.85 3.31 1.39 2.30 0.32

Fly ash [66] 56.00 18.10 7.24 0.93 5.31 1.36 1.21 1.65

Fly ash [67] 65.90 24.00 1.59 0.42 2.87 1.44 0.49 N/A

Fly ash [68] 47.90 25.70 4.11 1.36 14.70 0.67 0.81 0.19

High Calcium Fly Ash [69] 37.30 14.90 17.10 3.72 16.50 1.66 1.74 2.56

High Calcium Fly Ash [70] 34.00 13.50 16.50 3.10 5.00 5.50 1.50 2.80

High Calcium Fly Ash [71] 36.20 19.90 14.20 1.90 11.90 2.40 N/A 3.60

Ground Granulated Blast Furnace Slag [72] 35.34 20.69 31.32 8.11 0.18 0.29 1.36 1.79

Ground Granulated Blast Furnace Slag [73] 18.90 6.43 66.90 1.41 0.74 0.67 N/A 1.97

Ground Granulated Blast Furnace Slag [74] 28.20 9.73 52.69 2.90 0.98 1.22 N/A 1.46
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Table 3. Cont.

Type of Slag
Chemical Composition (wt %)

SiO2 Al2O3 CaO MgO Fe2O3 K2O Na2O SO3

Ground Granulated Blast Furnace Slag [75] 36.50 9.95 43.38 6.74 0.38 0.35 N/A N/A

Red Mud [76] 14.40 22.20 2.00 0.17 40.20 0.11 12.70 0.28

Red Mud [77] 16.51 28.05 2.22 0.70 30.32 0.26 8.70 N/A

Red Mud [78] 27.54 30.59 25.48 0.49 4.60 N/A N/A 1.42

Rice Husk Ash [79] 92.33 0.18 0.63 0.82 0.17 0.15 0.07 N/A

Rice Husk Ash [80] 93.10 0.30 1.50 0.49 0.20 2.30 0.06 N/A

Silica Fume [79] 87.60 0.38 0.57 3.67 0.66 2.36 1.26 N/A

Silica Fume [81] 90.00 1.20 1.00 0.60 2.00 N/A N/A 0.50

Volcanic Ash [82] 43.32 14.84 8.80 7.70 14.19 1.52 3.04 0.01

High Magnesium Nickel Slag [74] 43.22 4.35 3.45 26.15 10.34 0.18 0.23 0.28

Another waste by-product is rice husk ash (RHA) that is produced from rice husk
combustion. RHA, a silica rich agricultural waste, is regarded as a clean alternative
for improving the characteristic of geopolymers [83]. The use of RHA in geopolymer
concrete can reduce nano-SiO2 consumption and pollution issues caused by RHA disposal
in landfills, particularly in rice-producing countries [84]. RHA has been widely used
in self-compacting geopolymer concrete due to its greater reactivity inspired by high
silicon concentration and ultra-high specific surface area [85]. Sugarcane bagasse ash is an
industrial by-product that has been used as a source of alumina and silicates in volcanic as
a product by a number of researchers [86].

The principal by-product of municipal solid waste incineration is bottom ash. Heavy
metals are abundant in the bottom ash, which has a small particle size [87]. In recent years,
bottom has been increasingly recycled as building binders and concrete [84,88]. Moreover,
bottom ash from the burning of municipal sewage sludge is employed in concrete at a
concentration of 10–15%, resulting in greater strength than concrete without bottom ash [83].
High silica and alumina concentrations can be found in fly ash, blast furnace slag, red
mud, and materials such as rice husk as main biomass ash, making them appropriate
as supplementary materials for gelling. Steel slag, volcanic ash, silica fume, waste glass,
coal gangue, high-magnesium nickel slag, and other minerals are also often employed.
Numerous industrial catalyst residues include enough silicon and aluminium, as well as an
amorphous structure that can be used to form synthetic geopolymers, and its compressive
strength has been measured to be between 40 to 85 MPa [89]. It is obvious that the raw
materials used to discover geopolymer are high in silica and aluminium, and calcium oxide
content cannot be neglected.

In conclusion, the raw materials might be an aluminosilicates natural mineral including
silicon, aluminium, oxygen, and other possible elements. The right raw materials should
have amorphous properties and a high ability to release aluminium easily.

4. Heavy-Duty Applications of Geopolymers

Geopolymer applications can be divided into two groups based on their function:
those having varied physical and chemical properties as well as those with physical and
mechanical properties. Buildings such as fire prevention buildings, insulation walls, and
nuclear power plant can make use of these functional applications for fire prevention,
isolation, heat preservation, and adsorption of hazardous ions. Table 4 shows the utilization
of waste material-based geopolymer in heavy-duty applications.
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Table 4. The potential geopolymer material and possible application are described in detail.

Geopolymer Waste Material Potential Application Properties Ref.

Ground granulated blast
furnace slag, Fly ash, granite

coarse aggregate
Concrete pavement

50 MPa of compressive
strength and 4.72 MPa of

flexural strength
[90]

Red mud waste (bauxite
residue), slag

Heavy metal removal,
composite materials,

Adsorbent and coagulant

66 to 86 MPa of
Compressive strength [91,92]

Ferrosilicon slag,
alumina waste Thermal insulation brick

10.9 MPa of compressive
strength and 0.59 W/m.k
of thermal conductivity

[93]

Metakaolin, bottom
ash waste Thermal insulation brick

47.9 MPa of compressive
strength, 1.32 W/m.k of

thermal conductivity
[94]

Blast furnace slag, rice
husk ash Acid proof cement 57 MPa of compressive

strength [95]

The stability and safety of a structure will be compromised if it is exposed to rains,
ocean, or saline soil over an extended period of time. However, the chemical resistance of
geopolymer concrete, particularly sulphate resistance, makes it more suitable for marine
building. Geopolymer concrete is comprised of more amorphous phases, smaller porosity,
and more mesopore than OPC concrete, and the dense microstructure of geopolymer
concrete makes seawater permeation harder [96,97]. When compared to OPC concrete,
geopolymer concrete has greater chloride ion erosion resistance and a longer corrosion
cracking time, making it an excellent prospect for use as an anti-corrosive coating in the
maritime environment [98]. According to Chindaprasirt and Chalee [99], the penetration
and corrosion of chloride ion reduced as the molarity of sodium hydroxide increased after
the fly ash-based geopolymer was exposed to the tidal zone of the ocean environment
for three years after being air-dried in the laboratory for 28 days. Nevertheless, after
six years in a salt lake environment, fly ash-based geopolymer concrete is more easily
carbonized than OPC concrete, and chloride and sulphate are more easily diffused [100].
However, according to Alzeebaree et al. [101], both carbon fibre and basalt fiber reinforced
geopolymer fabric can be employed as the modification material to resist chloride ion
erosion. Additionally, fibre reinforced geopolymer concrete allows it to be employed as
a structural member instead of ordinary concrete. The permeability of chlorine ion can
be reduced by adding OPC to fly ash, whereas the permeability of chlorine ion can be
strengthened by introducing metakaolin and nano-SiO2 [102].

4.1. Geopolymer in Military Application

Geopolymer was used in the heavy duty rigid pavements (turning node, aprons, and
taxiways) at a commercial airport Brisbane, Australia [103], as well as the Global Change
Institute (GCI) building at the University of Queensland [104]. Pre-stressed geopolymer
concrete sleepers have previously been produced by one of Australia’s leading concrete
sleeper providers and have been successfully used on mainline railway tracks [105]. Con-
sidering geopolymer concrete as having better acid resistance and less alkali-silica reaction
than typical OPC concrete, it has been recommended for use in the construction of railway
sleepers, which are exposed to chemicals and prolonged environmental circumstance [106].
Furthermore, the US Army Corps of Engineer’s Waterways Experiment Station (WES)
stated that fly ash-based alkali activated aluminosilicate binder can be potentially used to
repair deteriorate Army airbase concrete and other special construction demands.

According to previous reports, the US Air Force and Navy, the Royal Air Force (RAF),
and the Royal Australian Air Force (RAAF) have all had concrete durability difficulties
with their F/A-18 and B-1 parking aprons [107–109]. Military airfield concrete, particularly
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aprons, has been exposed to severe thermal shocks from jet exhaust and has been discovered
saturated with chemical like hydrocarbon fluids (HF); aircraft engine oil, hydraulic fluids,
and jet fuel [107]. During engine start-up, the surface temperature of the apron concrete
underneath F/A-18 auxiliary power units (APUs) can reach 175 ◦C in 10–12 min [110].
Figure 3a shows an ancient deep scaling where particles were scraped away from the
concrete’s wearing surface while Figure 3b depicts an APU in the bottom of an F/A-
18 [107]. This type of damage is a source of foreign object debris (FOD), and it is more
common in the area where the Auxiliary power unit (APU) exhaust impinges on the
concrete. A substantial amount of split engine oil, hydraulic fluid, and vented jet fuel from
the aeroplane is also commonly observed in similar areas of pavement where the APU
exhaust impinges concrete. It is also worth noting that the jets tend to park in roughly
the same spot each time, causing localised damage to some aprons. In the construction
of rigid pavements at military airbases, several researchers have proposed substituting
OPC with other heat and chemical resistant cementitious materials [111]. The feasibility of
geopolymer binder for replacing OPC at military airbases should be examined because it
is more resistant to both heat and chemicals and is more durable than OPC. Hence, it can
be concluded that geopolymer can be a promising alternative to OPC for repairing apron
concrete at military airbases.

  

(a) (b)

Figure 3. (a) Scaling at the top layer of the military airbase concrete and (b) Underbelly of an F/A-18
with the APU in the centre. Reprinted/adapted with permission from [107]. 2018. Shill.

4.2. Geopolymer in Civil-Engineering Application

Structures that are still in the design phase are likely to be subjected to blast and
impact loading threats. Due to its high-ultra strength, high ductility, and outstanding
toughness, Portland cement-based ultra-high performance concrete (PC-UHPC) has been
developed in recent decades to meet the increasing safety requirements of structures to
overcome such destructive intensive loadings. Although PC-UHPC has emerged as one of
the most promising construction materials for civil and military structures, the extensive
use of Portland cement has a negative impact on the environment due to the carbon dioxide
emission produced during cement manufacture. Meanwhile, the environment is facing a
large increase in the formation of industrial wastes and the consumption of raw material in
cement manufacture. As a result, it is required to develop a geopolymer as an alternative
binder system that is less expensive and energy-intensive while also being greener in order
to reduce or fully replace ordinary Portland cement. However, it has been noted that
the higher the geopolymer’s strength, the greater the fire resistance. Low-strength and
low-density geopolymers are difficult to dehydrate and react to volume changes better
in the temperature range of 100 ◦C to 1000 ◦C; even after heat exposure, their intensity
increases [112]. Figure 4 shows the effect of alkali cation selection on the fly ash-based
geopolymer’s high temperature exposure strength and durability. Depending on the type
of alkali cations utilized, densification of particular substrates and healing of microcracks
are useful to increasing strength in different temperature ranges [113]. These findings
imply that geopolymers can be tailored to attain stable (and even improved) strength after
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exposure to a high heat environment. The building’s damage caused by fire cannot be
ignored. The Windsor Tate Fire in Shanghai, as well as the 9/11 terrorist attack, resulted
in massive human and material losses. As a result, refractory materials for building are
crucial. Today, continuing to improve the sustainability and ecology of fire-resistant and
high-temperature materials is a primary concern. Therefore, the goal of geopolymerization
is to turn industrial solid waste into a chemically durable cement binder that is both
thermally stable and non-combustible.

 

Figure 4. SEM-BSE micrographs depict the formation and healing of micro-cracks in geopolymer
at various temperatures (solid arrows showing micro-crack). Reprinted/adapted with permission
from [113]. 2018. Lahoti.

4.3. Geopolymer in Road Application

The development of geopolymers in the past and present has centred on the production
and use of such materials to replace cement in structural construction. There has not been
a lot of research applied in road construction. Several geopolymer research reports for
road applications were even at the proof-of-concept level. Tenn et al. [114] investigated
the interaction between sodium and potassium-based geopolymer binders and granite
or diorite pavement aggregates in order to promote the usage of geopolymer in place
of asphalt cement (or bitumen). Camacho-Tauta et al. [115] demonstrated an attempt to
improve road fatigue damage resistance by employing a fly ash-based geopolymer as a road
base layer. To assess the study material’s long-term performance, a full-scale accelerated
pavement test was assigned. Compared to a non-treated road base layer, the study found
that a geopolymer-treated road base layer could give a reduction in deformability. Waste
material-based geopolymer has been implemented as a replacement binder to enhance the
properties for road and pavement material as tabulated in Table 5.
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Table 5. Research work utilising geopolymers in road applications.

No. Researcher Materials Findings

1 Sukprasert et al. [116]
Fly ash, silty clay, ground

granulated blast
furnace slag

• Increase packing density
• Increased unconfined

compressive strength

2 Dave et al. [117] Ground blast furnace
slag, fly ash, silica fume

• Appropriate strength as road
repair material

• Well durability through
ultrasonic pulse velocity test

3 Wongsa et al. [118] Crumb rubber, river sand,
high calcium fly ash

• Average value of thermal
conductivity and density

• Meet the strength requirement
for lightweight concrete

4 Mohammed et al.
[119] Fly ash, crumb rubber

• Reduction in compressive and
flexural strength

• Higher water absorption

The Netherlands was one of the first countries in Europe to use fly ash and blast furnace
slag as a binder for acid-resistant pipe manufacture. Activated alkaline materials used in
civil construction subsequently established enterprises in other United Kingdom countries,
and eventually extended throughout the continent [120,121]. Conversely, the company
with the most building applications is based in Australia. In 2007, the Melbourne-based
company, E-cert, developed its own concrete. This company employs a blend of fly ash and
ground blast furnace slag that has been alkali activated according to a proprietary dosage
and composition. Bridges, highways, and big structures are several of the applications [122].

Figure 5a depicts a section of the Westgate Freeway in Port Melbourne’s highway
pavement. Since it was a different material, the project had to comply to numerous needs
of the local road authority as well as more specialized technical standards in order to gain
government clearance. The highway’s construction and use were agreed on by a group
of multinational construction corporations. Meanwhile, Figure 5b illustrates VicRoad’s
installation of 55 MPa E-Crete prefabricated panels. Due to the strict inspection in regard to
structural concrete, this strength was required [122].

 

Figure 5. (a) Westgate Freeway paving in Port Melbourne and (b) E-Create Precast Panels.
Reprinted/adapted with permission from [122]. 2012. Van Deventer.

5. Conclusions and Suggestions for Future Works

Regardless of the differences in waste material used in geopolymerization, the selection
of raw materials depends on the desired application. Waste material-based geopolymer
rich in silicon, aluminium, and calcium are easy and highly accessible. This facilitates
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their disposal waste management rather than building a landfill full of them. This is
the main reason behind the low cost of manufacturing geopolymeric composites-based
waste material in civil and military application. The utilization of waste materials through
geopolymerization should be carried out in future works to mitigate the disposal and
environmental issues. Numerous studies have been conducted involving the use of waste-
based geopolymers with promising properties for heavy-duty applications such as military,
civil-engineering, and road applications.

Based on the identified gaps in this work, future recommendations on waste-material
based geopolymer in heavy duty application are listed below:

• Durability works using waste material in advanced application in the civil construction
or aerospace fields;

• Establishing standards in order to conduct more advanced tests and research on these
waste materials and, as a a result, expand the application as heavy-duty material in
civil construction or the aerospace industry;

• Besides construction and airbase application, the geopolymer material can also be
implemented as a defence material that consists of lightweight and higher mechanical
properties such as bulletproof, Kevlar helmet, and body armour;

• The study on the landfill and waste management cost is crucial in considering the
impact of the 3R implementation;

• An alternative activator to hydroxides and silicates that leads to lower environmental
impact and can cut the cost of geopolymer production;

• For better understanding and experimental application, standardize dosage and quan-
tify ingredients utilized in the manufacturing of activated alkali component.
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Abstract: Cement and concrete are among the major contributors to CO2 emissions in modern society.
Researchers have been investigating the possibility of replacing cement with industrial waste in
concrete production to reduce its environmental impact. Therefore, the focus of this paper is on
the effective use of wheat straw ash (WSA) together with silica fume (SF) as a cement substitute to
produce high-performance and sustainable concrete. Different binary and ternary mixes contain-
ing WSA and SF were investigated for their mechanical and microstructural properties and global
warming potential (GWP). The current results indicated that the binary and ternary mixes containing,
respectively, 20% WSA (WSA20) and 33% WSA together with 7% SF (WSA33SF7) exhibited higher
strengths than that of control mix and other binary and ternary mixes. The comparative lower appar-
ent porosity and water absorption values of WSA20 and WSA33SF7 among all mixes also validated
the findings of their higher strength results. Moreover, SEM–EDS and FTIR analyses has revealed the
presence of dense and compact microstructure, which are mostly caused by formation of high-density
calcium silicate hydrate (C-S-H) and calcium hydroxide (C-H) phases in both blends. FTIR and TGA
analyses also revealed a reduction in the portlandite phase in these mixes, causing densification of
microstructures and pores. Additionally, N2 adsorption isotherm analysis demonstrates that the pore
structure of these mixes has been densified as evidenced by a reduction in intruded volume and a rise
in BET surface area. Furthermore, both mixes had lower CO2-eq intensity per MPa as compared to
control, which indicates their significant impact on producing green concretes through their reduced
GWPs. Thus, this research shows that WSA alone or its blend with SF can be considered as a source
of revenue for the concrete industry for developing high-performance and sustainable concretes.

Keywords: wheat straw ash; global warming potential; compressive strength; water absorption;
microstructure and pore structure

1. Introduction

Concrete is a heterogeneous material formulated from natural and synthetic compo-
nents, combined with water, and forms a versatile, durable, and essential building material.
Worldwide, concrete production has significantly increased due to urbanization and urban
development, reaching 25 billion tons per year [1]. Subsequently, the yearly production
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of cement has also soared to 4.1 billion tons globally [2]. Besides its usefulness, cement
and concrete production has resulted in massive carbon emissions as well. Apart from the
carbon emissions, the usage of raw materials in cement production is also responsible for
the depletion of natural resources and its associated carbon footprint [3]. Hence, the annual
manufactured carbon emissions from the cement industry are more than 5% of the total
global anthropogenic emissions [4]. This vast amount of CO2 generation is also a leading
factor in creating the issues related to global warming and climate change.

These issues can be controlled by following the sustainability approach in the con-
struction sector. One such approach is to replace cement with supplementary cementitious
materials (SCMs) at the construction site or during cement manufacturing. Another ap-
proach is to conserve natural resources by replacing aggregates with alternate ecofriendly
materials. Hence, the search for supplementary cementitious materials has resulted in
the usage of industrial byproducts such as volcanic ash [5,6], silica fume (SF) [7,8], fly
ash [9,10], electric arc furnace slag [11,12], tire ash [13,14], copper slag [15,16], etc., and
agricultural byproducts such as sugarcane bagasse ash [17,18], rice husk ash [19,20], wood-
waste ash [21,22], wheat straw ash (WSA) [23,24], and others. The utilization of these
agroindustrial wastes has been proved to be promising both as supplementary cementi-
tious material to replace cement and/or fine aggregates [24]. Furthermore, the usage of
these byproducts offers many advantages such as improved mechanical and durability
properties, reduction in waste generation, reduction in cost by replacing cement/aggregates,
and most importantly, the decrease in carbon emissions [25,26]. Therefore, Luhar et al. [4]
reviewed the usage of agriculture waste in concrete. They concluded that agrowaste could
be used as an effective supplementary cementitious material in concrete, resulting in the
development of green concrete. Rattanachu et al. [27] observed that 20% replacement of
OPC with finely ground rice husk ash can significantly improve the compressive strength
of concrete. In addition, the utilization of SCMs also improves the durability of concrete [2].
In another study, Rashad [3] replaced fine aggregate with metakaolin at 10%, 20%, 30%,
40%, and 50% by weight. The experimental study revealed increased splitting tensile
strength, compressive strength, and abrasion resistance of metakaolin mixed concrete at
40% replacement.

In developing countries, agrowaste is one of the significant issues which arise from
different food crops such as sugarcane, rice, and wheat. Wheat is one of the most important
cereal crops and a major food source for around 2.5 billion people globally [28]. The
worldwide wheat production was estimated to be 750 million tons from 2016 to 2017 [29].
Pakistan ranked high in the wheat-producing countries around the globe. In the year
2017–2018, Pakistan produced about 26.6 million tons of wheat. In the Gulf region, the
Kingdom of Saudi Arabia is known as a major wheat-producing country. The annual wheat
production of the Kingdom of Saudi Arabia is estimated at 700,000 tons [30]. Pan and
Sano [31] stated that one kg of wheat grain yields around 1.3 kg wheat straw. Primarily,
the wheat straw was utilized to feed cattle. However, open field burning is also practiced
in some cases, which causes air pollution (smog) and health issues such as respiratory
diseases in that region.

Burned wheat straw produces ash, which is pozzolanic in nature. However, the
pozzolanic efficiency of the WSA mainly depends on its source; therefore, its composition
varies with regions primarily due to soil properties and climatic conditions [32]. In addition,
the burning temperature, exposure time, and particle sizes also play a vital role in its
pozzolanic behavior. Biricik et al. [33] reported that wheat straw burned for 5 h at 570 and
670 ◦C resulted in high-quality WSA. However, WSA produced at a heating temperature
of 670 ◦C showed superior pozzolanic properties. Similarly, an increase in silica content
with an increase in burning temperature was also recorded by Amin et al. [29]. Memon
et al. [34] investigated the effects of various burning temperatures (500, 600, 700, and
800 ◦C) on the pozzolanic efficacy of WSA. They observed the transition of amorphous
silica into crystalline form with an increasing temperature beyond 600 ◦C. Therefore, several
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researchers observed favorable temperatures, which ranged between 570 and 670 ◦C for an
improved WSA production.

Research studies have highlighted the efficacy of the WSA both as filling and poz-
zolanic material in concrete and mortar. The addition of WSA in mortar increased the
compressive and flexural strength [35]. Moreover, the improvement in the mechanical
properties of cement mortar was attributed to its filling ability. Furthermore, the addition
of WSA in cement mortar or concrete also improves its durability. Qudoos et al. [36] noted
that extensively ground WSA exhibited higher compressive strength at all ages than control
specimen with 20% cement replacement. Similarly, Amin et al. [29] also observed that
15–20% cement replacement with WSA showed significant enhancement in the strength
and ductility of concrete samples at 91 days. WSA as cement or sand replacement de-
creased the water adsorption and increased the resistance against acid and sulfate attacks.
Al-Akhras [37] used WSA as cement replacement up to 15% by weight and concluded
that concrete containing WSA showed better resistance to freeze and thaw damage than
control specimens. In addition to its standalone performance as a pozzolanic material, the
behavior of WSA was also evaluated as a binary mix with other pozzolanic materials such
as metakaolin, fly ash, bentonite clay, millet husk ash, and others [3,26,32,38]. The usage
of bentonite clay along with WSA was effective in consuming the free lime. Moreover,
it improved the resistance of the cementitious matrix against acid attack [38]. The effec-
tiveness of WSA and millet husk ash (MHA) combined was evaluated by Bheel et al. [39].
The results showed improvement in the flexural, tensile, and compressive strength of the
specimens containing 15% MHA and 30% WSA combined.

The binary and ternary blends of various agroindustrial wastes have increased its
pozzolanic activity. Among many, SF is widely used component of ternary blends to
enhance mechanical as well as durability performance of concrete. Generally, SF is ob-
tained as a byproduct during the production of silicon and ferrosilicon alloys at a very
high temperature around 2000 ◦C in an electric furnace arc [40]. Oxygen is eliminated
by heating highly pure quartz with coke or coal. An ultrafine powder is obtained, hav-
ing high porosity and specific surface area in which the silica ranged between 85% and
95% [41]. SF is most commonly used in concrete as a dry, densified form consisting of
agglomerates of size from 10 microns to several millimeters. These agglomerates may
only partially disintegrate during normal concrete mixing [42]. In order to disperse SF
effectively, sonification techniques [43] or the Holland method [44] of mixing SF concrete
in a laboratory mixer are necessary for improving the microstructure and pore size of the
materials. Murthi et al. [45] presented the effects of OPC, bagasse ash, and nanosilica on
the fresh and hardened properties of high-performance concrete. The experimental investi-
gation showed that the addition of nanosilica significantly enhanced the early age strength;
however, it reduced the setting time. SF is a highly siliceous material, and its addition to the
cement matrix increases the formation of calcium silicate hydrate (C-S-H) gel, resulting in a
denser microstructure of the cementitious system. The cement replacement with 10% SF
and 20% WSA in lightweight concrete improved its density and strength for structural
applications [46]. The microstructure investigation of cementitious matrix containing a
ternary blend of OPC, SF, and WSA indicated better mechanical and durability performance
than the control specimen [47]. Based on previous research, it has been highlighted that the
usefulness of the SCMs increases with the addition of SF. SF, being one of the most reactive
siliceous materials, could accelerate the pozzolanic activity inside the cementitious system
when used in combination with agro-industrial ashes. Despite several studies, it has been
noted that the existing literature is limited to the use of WSA as an individual SCM with
low replacement levels.

The purpose of this study is to investigate the novel use of WSA and its blend with
SF as a cement substitute to produce environmentally sustainable concrete that does
not compromise on its mechanical properties. Therefore, the impact of WSA and its
blend with SF, as a high-volume replacement of cement, on the mechanical, durability,
and microstructural characteristics of concrete were investigated. Additionally, X-ray
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fluorescence (XRF) and X-ray diffraction (XRD) methods were used to measure the physical
and chemical properties of cement, WSA, and SF. Concrete specimens were prepared,
namely, control (100% cement), three binary with only WSA (C/WSA: 90/10, 80/20, and
70/30), and three ternary containing WSA along with SF (C/WSA/SF: 70/25/5, 60/33/7,
and 50/40/10). In ternary mixes, a large amount of cement was substituted (up to 50%).
Mechanical properties, such as the compressive and split tensile strengths with aging (7,
28, and 91 days), and water absorption (WA) and apparent porosity (AP) after aging for
91 days were evaluated for hardened concrete samples. Additionally, the effect of WSA and
its blend with SF on the microstructure and pore structure of the cement paste matrix was
studied by employing scanning electron microscopy/energy-dispersive X-ray spectroscopy
(SEM–EDS), Fourier transform infrared (FTIR) spectroscopy, thermogravimetric analysis
(TGA), and nitrogen (N2) adsorption isotherm analysis. At the end, the global warming
potential (GWP) of all the concrete mixes was calculated in kg CO2-equivalent per unit
concrete and kg CO2-equivalent per unit concrete/MPa by using the green concrete lifecycle
assessment (LCA) tool.

2. Materials and Methods

2.1. Materials

The main binders used in this study were conventional OPC, consistent with ASTM
C150, and commercially available SF and WSA (processed in the laboratory). The specified
physical and chemical properties of these materials are listed in Table 1.

Table 1. Physical and chemical properties of cement, WSA, and SF.

OPC WSA SF

Physical properties

Specific gravity (kg/m3) 3.20 2.21 2.23
Blain fineness (m2/g) 0.344 - 21.5

Chemical properties (oxides, % by weight)

SiO2 21.3 65.1 93.3
Al2O3 5.56 9.10 -
Fe2O3 3.24 2.67 0.58

SiO2 + Al2O3 + Fe2O3 * - 76.87 -
CaO 63.4 5.90 1.82
MgO 0.93 1.11 0.28
Na2O 0.13 0.40 0.19
K2O 0.62 10.5 0.88
SO3 2.25 1.13 -

LOI ** 2.41 4.03 2.25

Mineral composition (%) ***

C2S
C3S
C3A

C4AF

47.9
24.7
8.76
9.86

-
-
-
-

-
-
-
-

* ASTM C618-15; ** LOI = loss on ignition; *** data from local cement manufacturer.

Besides binder materials, aggregates from local sources were obtained for using as
fillers in concrete. Table 2 shows the sieve analysis results for fine and coarse aggregates.
Blending percentages for coarse aggregates are 50% (20 mm down) and 50% (10 mm down).
In accordance with ASTM C33, fine aggregate possessed specific gravity of 2.60 and water
absorption of 1.03%, while its fineness modulus was 2.54 (Table 2). Specifically, the coarse
aggregates had a specific gravity of 2.65 and water absorption of 0.82%, respectively.
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Table 2. Sieve analysis of aggregates (ASTM C136).

Sieve # Sieve Size (mm)
Weight

Retained (%)
Cumulative
Passing (%)

Cumulative
Retained (%)

Coarse aggregate (CA)

1 inch 25 0 100 0
3/4 inch 19 0 100 0
1/2 inch 12.5 50.5 50 50
3/8 inch 9.5 26.1 23 77

No. 4 4.75 23.4 0 100

Fine aggregate (FA)

3/8 inch 9.5 0 100 0
No. 4 4.75 0 100 0
No. 8 2.36 4.54 95.46 4.54
No. 16 1.18 16.1 79.33 20.67
No. 30 0.600 30.9 48.40 51.60
No. 50 0.300 26.4 22.02 77.98
No. 100 0.150 21.3 0.67 99.33

Pan - 0.67 - -

Fineness Modulus of FA (FM) = (0 + 4.54 + 20.67 + 51.6 + 77.98 + 99.33)/100 = 2.54

2.1.1. Burning and Grinding of Wheat Straw Ash

The chemical properties of WSA are largely dependent on the source (wheat straw),
the organic composition, and the sintering temperature [20]. Further, climatic conditions the
chemical composition of WSA is influenced by both climatic conditions and geographical
location [48]. The WSA obtained was burned at control temperature at 550 for 4 and 8 h and
finally at 800 ◦C for 30 min in a kiln. Each of these samples exposed to different elevated
temperatures were subjected to analysis using XRF, XRD, and FTIR to determine their
chemical and mineralogical properties. Accordingly, XRD and FTIR results revealed that
the maximum amount of amorphous silica was achieved for the sample when burned
at 550 ◦C for 4 h (Figure 1). Based on chemical composition, FTIR, and XRD analyses,
the WSA obtained after burning at 550 ◦C for 4 h was ground to obtain a fine powder.
After cooling under normal air, the WSA was ground in a rotary mill for 12 h at 15 rpm.
Using this ground WSA, binary concrete specimens containing only WSA and ternary
concrete specimens having blends of WSA with SF were prepared in order to evaluate its
effectiveness as a partial substitute of cement. The physical and chemical properties of
WSA are listed in Table 1.

2.1.2. Concrete Mixture Proportions

In addition to CC, three binary and three ternary concrete mixture proportions were
designed. The CC having 100% cement, whereas the binary concrete mixtures were de-
signed by partial substitution of cement with 10%, 20%, and 30% WSA, and are respectively
identified as WSA10, WSA20, and WSA30. The ternary mixtures incorporating blends
of WSA and SF were designed by substituting high amounts of cement ranging from
30% to 50% as 25% WSA + 5% SF (WSA25SF5), 33% WSA + 7% SF (WSA33SF7), and
40% WSA + 10% SF (WSA40SF10). Table 3 shows the corresponding ingredients of each
concrete mixture and the related details of test specimens.

Adding SF to ternary concrete mixtures was primarily to increase the percent of cement
replaced by WSA without compromising the mechanical or durability characteristics. Thus,
to improve the mechanical strength of binary concrete as compared to those of CC, SF is
added at a rate of 5%, 7%, and 10% to concrete mixtures containing a high percentage of
WSA as 25%, 33%, and 40%, respectively. The water-to-binder ratio was maintained at
0.35 for all the concrete mixtures. In accordance with the constant water-to-binder ratio and
binder content (457 kg/m3), the water content for the concrete mixtures was maintained
at 160 kg/m3. Consequently, to achieve the target workability corresponding to slump
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values of 120 ± 30 mm, additional dosages (wt.%) of the naphthalene-based water-reducing
admixture were employed for each concrete mixture, as listed in Table 3.

 

 
Figure 1. (a) XRD pattern and (b) FTIR of WSA after heat treatment at 550 ◦C for 4 and 8 h, and at
800 ◦C for 30 min.
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Table 3. Mixture proportions for control, binary, and ternary concretes (w/b = 0.35; a/b = 3.37; s/a = 0.40).

Mix ID
(Total # of Specimens for Each = 18

and Cured for 7, 28, 91 Days)

W
(kg/m3)

Binder, b
(kg/m3)

Aggregates, a
(kg/m3) Superplasticizer

(% of b)
Slump (mm)

C WSA SF
FA
(S)

CA
10 mm

CA
20 mm

Control concrete (CC)

160

457 - - 617

462 462

1

120 ± 30

Concrete containing 10% WSA
(WSA10) 411 46 - 1

Concrete containing 20% WSA
(WSA20) 366 91 - 1

Concrete containing 30% WSA
(WSA30) 320 137 - 1.1

Concrete containing 25% WSA and
5% SF (WSA25SF5) 320 114 23 1.2

Concrete containing 33% WSA and
7% SF (WSA33SF7) 274 151 32 1.3

Concrete containing 40% WSA and
10% SF (WSA40SF10) 229 182 46 1.4

2.2. Methods
2.2.1. Concrete Mixing and Preparation of Concrete Specimens

Concrete ingredients were mixed using a rotating pan mixer driven by power, fol-
lowing ASTM C192 guidelines. As soon as the required slump was achieved, cylindrical
specimens measuring 100 mm in diameter and 200 mm in height were poured with fresh
concrete according to ASTM C39. A total of 18 specimens were cast for each concrete
mixture to determine the evolution of compressive and splitting tensile strengths after
7, 28, and 91 days of aging (3 identical specimens at each age). The cylindrical molds
were covered with plastic sheets after fabrication and kept under standard laboratory
temperature of 20 ± 1 ◦C and relative humidity of 60 ± 5% for 24 h. Concrete specimens
were demolded 24 h after casting and moist cured in a curing tub until being tested at 7,
28, and 91 days. The upper and lower surfaces of concrete specimens were leveled by an
end-surface grinder after reaching the desired curing period.

2.2.2. Compressive and Splitting Tensile Strength Tests

As per ASTM C39, compression strength tests were conducted on cylindrical speci-
mens using a 200-ton-capacity universal testing machine (UTM, SHIMADZU, Kyoto, Japan)
assembly at 0.2 MPa/s loading rate. Additionally, the split tensile test was performed in
accordance with ASTM C496 by using a 200-ton UTM at a loading rate of 1 MPa/min.

2.2.3. Water Absorption

In addition to compressive and splitting tensile tests, tests for WA were also performed
on hardened concrete samples of all the concrete mixtures according to ASTM C948. To
perform WA tests, 100 mm diameter and 50 mm thick concrete samples were cut from
91-day moist-cured concrete specimens. Samples of cut concrete were soaked in water at
21 ◦C for 24 h and then periodically weighed until the saturated-surface dry weight (SSD)
stabilized. If less than 0.5% difference in weight occurred between successive SSD weight
measurements, the weight was considered stable. The letter “B” refers to the most recent
yielded weight of the samples. Afterward, the mass of the specimens suspended in water
was measured to the nearest 0.01 g and labeled as “A”. Concrete samples were oven-dried
at 100−110 ◦C, and their weights were taken every 24 h. Upon achieving a weight loss of
<0.5% of the last measured weight, the sample was cooled inside a vacuum desiccator at
room temperature and weighed, which is referred to as “C”. To calculate WA and AP, the
following equations were used:

Water Absorption (%) = (B − C)/C × 100 (1)

Apparent Porosity (%) = (B − C)/(B − A) × 100 (2)

263



Materials 2022, 15, 3177

2.2.4. Casting and Curing of Paste Samples for Microstructure and Pore Structure Analysis

Paste samples for the control (100% cement) and other mixes with various amounts
of WSA (binary) and blends of WSA with SF (ternary), as partial substitutes for cement
(weight percentage), were prepared. Using a Hobart mixer (Hobart, IN, USA), a paste
of standard consistency was obtained for all mixes. The freshly mixed cement paste was
poured into small plastic containers (20 mm diameter and 50 mm height) immediately
after mixing. The plastic containers were subsequently sealed and capped prior to curing.
Following 91 days in the cured state, the specimens were dried with a solvent exchange
method to inhibit the hydration process. Finally, the flaky slices and powder specimens
were then washed with isopropanol for 15 min. In order to remove the isopropanol present
in the paste samples, the samples were dried in an oven at 40 ◦C for 30 min. The samples
were then sealed in plastic bags for storage before testing.

Scanning Electron Microscopy/Energy-Dispersive X-ray Spectroscopy
(SEM–EDS) Analysis

The SEM–EDS analysis of all concrete mixes was performed on hardened fragments in the
form of slices of cement paste using a JSM-IT100 scanning electron microscope. Isopropanol
was used to dry the fragments of hardened paste using the solvent exchange method. After
that, all specimens were examined for changes in morphology and composition.

Nitrogen Adsorption Isotherm Technique

In addition to the SEM–EDS study, N2 sorptiometry was conducted on all the tested
concrete mixes. The surface area and pores of the powdered specimen (weighing ap-
proximately 0.3 g) obtained from the 91-day cured hardened paste were measured by N2
sorption analysis (NOVA2200e, Quanta chrome, Boynton Beach, FL, USA) at 273 K. First,
the samples were degassed to remove airborne contaminants that had absorbed during
curing. Afterward, N2 adsorption was performed at ambient temperatures and controlled
pressure on the specimens.

Fourier Transform Infrared (FTIR) Analysis

All the mixes studied were additionally characterized using FTIR using a PerkinElmer
Spectrum Two FTIR spectrometer to determine their individual phases. The powdered
samples of all of the studied mixes were dried and examined under an infrared light source,
and the IR spectra were taken in the wavenumber range 400 to 4000 cm−1.

Thermogravimetric Analysis (TGA) of Cement Pastes

To perform TGA of all the concrete mixes, the powdered specimens obtained from
91-day cured pastes were placed in ceramic vessels fitted with thermogravimetric analyzers.
The specimens were heated inside the thermal gravimetric analyzer to a temperature of
20 to 1000 ◦C at a rate of 10 ◦C/min, using N2 as a medium under static conditions. More-
over, alumina powder was used as a reference for thermal stability at elevated temperatures.
Finally, a comparison plot was developed using the built-in software to show the loss of
weight of various paste specimens in various temperature ranges.

2.2.5. Methodology to Calculate Global Warming Potential (kg CO2-eq) of Concrete Mixes

In this study, the GWP of all concrete mixes was calculated as equivalent to kg CO2
(CO2-eq) emissions using the green concrete LCA tool. This tool is typically designed
to calculate the environmental impact of concrete, its constituent materials (including
cement, aggregates, admixtures, and SCMs), and consumption of fuels and water. The
environmental carbon footprint effect of all the seven concrete mixes used in this study was
evaluated [49]. The study focuses on the major processes associated with raw materials
extraction and production. A summary of the assumptions used for the different production
technologies, geographic locations, distances, modes of transport, and material types is
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given in Table 4. Table 5 shows the percentages of power sources in the local electricity grid
mix [50].

Table 4. Assumptions used in LCA calculations.

User Input Data: Type of Material

Ordinary Portland cement (OPC) ASTM Type I
SCMs Silica fume (SF), Wheat straw ash (WSA)

Admixture Superplasticizer

Electricity grid mix for: Location

Cement supplier Cherat, Pak
Fine aggregates supplier Larunspur, Pak

Coarse aggregates supplier Taxila, Pak
Gypsum supplier Dera Ismael Khan, Pak

SF supplier Karachi, Pak
Wheat straw ash collection Punjab, Pak

Transportation details for: Mode Distance (km)

Cement raw materials to cement plant Truck Class 8b 5
Gypsum to cement plant Truck Class 8b 300
Cement to concrete plant Truck Class 8b 200

Fine aggregates to concrete plant Truck Class 8b 200
Coarse aggregates to concrete plant Truck Class 8b 100

Admixture to concrete plant Truck Class 2 1000
WSA to concrete plant Truck Class 8b 200

SF to concrete plant Truck Class 8b 1200

Technology options for: Type of technology selected

Cement raw materials
prehomogenization Dry, raw storing, preblending

Cement raw materials grinding Dry, raw grinding, tube mill
Cement raw meal

blending/homogenization
Dry, raw meal

blending, storage

Clinker pyroprocessing Preheater/precalciner kiln
with US average kiln fuel mix

Clinker cooling Reciprocating grate
cooler (modern)

Cement finish
milling/grinding/blending Tube mill

Cement PM control technology ESP

Conveying within the cement plant Screw pump 20 m between
process stations

Concrete batching plant
loading/mixing Mixer loading (central mix)

Concrete batching plant PM control Fabric filter

Table 5. Electricity grid mix percentage for Pakistan [50].

User Input Data: National Grid (%)

Coal 12
Natural gas 29

Fuel oil 20
Pet coke -
Nuclear 2.5

Hydropower 34
Biomass 0.5

Geothermal -
Solar 1
Wind 1
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3. Results and Discussion

3.1. Compressive and Tensile Strength Evolution of Binary (C/WSA) and Ternary
(C/WSA/SF) Concretes

A comparison of compressive strength development between CC and those containing
WSA alone (binary mixes) and WSA jointly with SF (ternary mixes) is presented in Figure 2a.
As listed in Table 3, a relatively low cement substitution rate in binary concrete mixes was
set as 10%, 20%, and 30%, whereas in ternary concrete mixes a slightly higher cement
replacement was used as 30%, 40%, and 50% owing to highly reactive SF. The purpose of
adding different percentage of SF (5%, 7%, and 10%) in combination with different percent-
ages of WSA (25%, 33%, and 40%) was to explore the optimum cement replacement without
affecting the strength and durability properties of concrete as compared to control and
binary concrete mixes. In addition to technical benefits in terms of mechanical properties,
other aspects of blended concrete having WSA with SF in lowering the GWP were also
evaluated and compared to those of control and binary concretes. To avoid the effects of
external factors, the specimens of all the concrete mixtures studied were water cured under
uniform temperature conditions of 20 ◦C until the age of testing.

As shown in Figure 2a, the binary concrete WSA20 demonstrated highest compressive
strength evolution among binary mixes at all testing ages, including the CC. However,
a reduction in compressive strength was observed for other binary mixes (WSA10 and
WSA30) as compared to CC, regardless of aging. From the current results, it can be seen
that the rate and the reduction in compressive strength was higher in WSA30 as compared
to that of WSA10. The low strength of WSA10 than that of CC is due to its lower degree of
pozzolanic activity, whereas the significantly low compressive strength of WSA30 is due to
addition of high amount of WSA, which consequently affected the pozzolanic activity in a
significant manner. These results suggested addition of 20% WSA as an optimum amount
without compromising the compressive strength of concrete.

To achieve high sustainability in terms of lesser GWP, efforts were made to regain the
reduction in the compressive strength of binary mixes containing high percentages of WSA
by adding different percentages of SF (5%, 7%, and 10%). The test results show significant
improvement in strength of ternary mix with an equal percentage of cement substitution
(WSA25SF5) to that of the corresponding binary mix having WSA alone (WSA30) at all
ages. Owing to addition of 5% SF, the improvement in strength that occurred remained
slightly lower than that of CC. However, an encouraging response was noticed for ternary
mix (WSA33SF7) containing a slightly high percentages of SF (7%) in presence of high
percentage of WSA (33%), where the compressive strength was higher than that of CC
at all ages. These results demonstrated fast early-age hydration and better packing and
filling abilities due to slightly increased amount of very fine SF along with the later-age
pozzolanic reaction of high-volume WSA. With a further increase in cement substitution
with 10% SF in presence of 40% WSA (WSA40SF10), a slight reduction in strength was
observed as compared to CC at all ages. This is because a high percentage of cement
substitution (50%) affected both the early hydration and later-age pozzolanic reaction due
to the production of less calcium hydroxide (C-H). However, the strength performance of
this ternary mix (WSA40SF10) is commendable, despite of its high cement substitution, as
it either shows higher compressive strength than other binary mixes (WSA10 and WSA30)
or comparable to ternary mix WSA25SF5, despite of its low cement substitution. These
results are, once again, attributed to the addition of a high percentage of very fine SF (10%)
due to its better packing and filling abilities at early ages (7 days). Among all the mixes, the
highest compressive strength at 7 days was demonstrated by the binary mix WSA20, while
at 28 and 91 days by the ternary mix WSA33SF7.

In contrast to compressive strength, Figure 2b demonstrated a higher splitting tensile
strength (STS) development for all concretes tested (binary and ternary) than that of CC.
However, among binary and ternary mixes, their trends of STS development with respect to
cement substitutions remained similar to that of compressive strength development. More-
over, similar to the compressive strength, the evolution of STS for WSA20 and WSA33SF7
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was significantly higher as compared to CC and all other binary and ternary mixes. The
only exception was at 7 days when WSA33SF7 exhibited higher STS than only CC. It is
worth mentioning that the WSA20 concrete exhibited highest STS among all the concretes
tested at all ages.

 

Figure 2. Comparison of strengths of control concrete and concrete having different percentages of
WSA alone and blends of WSA with SF: (a) compressive strength and (b) splitting tensile strength.

To summarize, the current findings demonstrated a decrease in compressive strength
owing to a low (WSA10) or high (WSA30) cement replacement with WSA. Contrarily, a
significant increase in both compressive and splitting tensile strength was obtained for
20% cement replacement with WSA (WSA20). Similar to binary concretes, the compres-
sive strength of ternary concrete mixes decreased owing to a low (WSA25SF5) or high
(WSA40SF10) cement replacements. However, a significant increase in both compressive
and splitting strengths was observed for ternary concrete blend having 33% WSA jointly
with 7% SF (WSA33SF7).
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3.2. Comparison of the Water Absorption and Apparent Porosity of Control Concrete and Binary
and Ternary Concrete Mixtures

The comparison of the other important properties (WA and AP) of the binary and
ternary concrete mixtures with that of the CC was also performed in addition to the strength
characteristics. This is because the durability of the hardened concretes can be indirectly
assessed based on the WA and AP values. The different trends of changes in the WA
and AP according to various amounts of cement substitution with WSA alone (binary
concretes) and WSA with SF (ternary concretes) are depicted in Figures 3 and 4. It can be
seen in Figure 3 that a lower WA compared to CC was exhibited by all binary and ternary
concretes regardless of the amount of cement substitution, which is attributed to their
lower AP values as compared to CC (Figure 4). A decrease in the WA of binary concrete
mixtures with increasing percent substitution of cement with WSA was observed up to
a certain replacement level (20%). Thus, a slightly higher WA was exhibited by binary
concrete having 30% WSA when compared with other binary concretes having 10% or
20% WSA (Figure 3). These binary concretes also demonstrated a similar trend of AP
(Figure 4). A slightly higher value of AP exhibited by concrete containing a high amount of
WSA (30%) is probably due to a relatively slower rate of the pozzolanic reaction owing to
replacement of high percentage of cement with WSA. On the contrary, ternary concretes
having high cement substitutions with blends of WSA and SF demonstrated a remarkable
decrease in WA and AP values. The results demonstrated that, despite similar cement
substitutions (30%), the ternary mix WSA25SF5 exhibited slightly lower WA and AP to
that of corresponding binary mix WSA30. However, contrary to this, the WA and AP
of this ternary mix were slightly higher than the other binary mixes with 10% and 20%
WSA. Increasing the cement replacement from 30% to 40% in ternary concrete (WSA33SF7)
resulted in further decrease in WA and AP values. The results demonstrated that the ternary
concrete WSA33SF7 with an even higher percent replacement of cement exhibited lower
WA and AP than the ternary concrete WSA25SF5 and all binary concretes having relatively
lower cement substitutions (10%, 20%, or 30%). This was because SF particles of very fine
size leads to significant pore refinement in ternary concrete mixtures compared to WSA.
The ternary concrete having a very high cement substitution of 50% (WS40SF10) yielded
slightly higher WA and AP values when compared to those of WSA33SF7 with relatively
low cement substitution (40%). This was due to potentially slower rates of pore refinement
and pozzolanic reaction in WSA40SF10 concrete owing to high cement substitutions.

Figure 3. Comparison of the results for water absorption between the control and other concretes
(binary and ternary mixes) after 91 days of standard curing.
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Figure 4. Comparison of the results for apparent porosity between control and other concretes (binary
and ternary mixes) after 91 days of standard curing.

3.3. Evaluation of Compressive and Tensile Strength Correlation of Concrete by Prediction Models

Regardless of the type of mixture proportions, curing conditions, aging, or binder
type and its content, the values of the experimental STS of concrete can be correlated with
their corresponding compressive strength, mainly due to the existing consistency between
their general trends of development with aging. In addition to the existing codes such
as ACI 318 [51], ACI 363 [52], and CEB-FIP model code 1990 [53], various correlations
between compressive and tensile strength were developed by researchers depending
upon their specific experimental data of the curing and testing conditions, geometry
of specimen, and the types of concrete [54–60]. Nevertheless, a consistent equation in
general form [ fsp = a ( f ′c) b] is used for this correlation by all researchers, including the
existing model codes. This equation presents fsp as the unknown STS of concrete to be
predicted (MPa), whereas the compressive strength obtained directly from the experiments
is represented by f ′c (MPa). In the equation, the parameters a and b are the constants that
consider the dissimilarity of increasing rate between both mechanical properties. Based
on different test results by researchers, the value of b varies, for example, as 0.67, 0.50,
and 0.71 by the CEB-FIP model code [53], ACI 318 [51], and Kim et al. [57], respectively.
The reason for dissimilarity in the b values arises since both ACI 318 and Kim et al.
used specified and mean compressive strength, respectively, while the CEB-FIP model
code used compressive strength associated with the specific characteristic compressive
strength. Moreover, experimental results of 28 days were used in developing most of these
correlations using Type-I cement for normal concrete subjected to standard moist curing at
20 ◦C. Despite consideration of the effect of various influencing factors (different binder
types, curing, and aging) on the rate of both properties by some researchers [57], the effects
of some other influencing factors such as the type of concrete using SCMs, geometry of
specimen, and seasonal variations were overlooked. Having considered this important
factor, it is desirable to evaluate suitability of existing correlations to predict the STS of
concretes produced in this study containing various percentage of WSA alone (WSA10,
WSA20, WSA30) and blends of WSA with SF (WSA25SF5, WSA33SF7, WSA40SF10).

Figure 5 depicts various existing correlations between compressive and tensile strengths
of concrete. To evaluate the STS based on the experimental compressive strength, the cur-
rent results of various binary and ternary concrete specimens along with CC were drawn
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with respect to 3, 7, and 28 days of aging and compared to existing models [51–60]. The
experimental results of compressive strength were used to estimate the values of STS
for the prediction models. With the exception of Noguchi-Tomosawa [58] and JSCE-2012
design codes [59], and De Larrard and Malier [60], all other existing models significantly
overestimated STS, as shown in Figure 5. For the CC and WSA33SF7 at any known
value of the compressive strength, a close match of the STS with that of the experimental
compressive–tensile strength was predicted, regardless of aging, when using the JSCE-2012
model [ fsp = 0.23 ( f ′c) 2/3]. The Noguchi–Tomosawa model [ fsp = 0.291 ( f ′c) 0.637], on the
other hand, resulted in a close match for the binary (WSA10, WSA20, WSA30) and other
ternary (WSA25SF5, WSA40SF10) concretes. Similarly, a reasonably good estimate of the
STS for any value of the compressive strength for these mixes was also predicted by the
proposed model of De Larrard and Malier [ fsp = 0.6 + 0.06 ( f ′c)].

Figure 5. Comparison of the correlation between experimental compressive and tensile strengths for
different concrete mixtures with existing prediction models.

From these findings, it is revealed that the correlation between the compressive and
splitting tensile strengths of concrete is not significantly influenced by the type of binder
and aging. Kim et al. [57] also noted the same independency with respect to the cement
type, aging, and curing temperature with no effect on the correlation of compressive and
tensile strengths of concrete. The models proposed by either De Larrard and Malier [60]
or Noguchi-Tomosawa [58], hence, are considered safe in estimating the STS of all the
concrete mixtures studied with the exception of the CC and WSA33SF7 concrete. The
JSCE model [59], however, accurately predicted STS of the CC and WSA33SF7 concrete.
Furthermore, the JSCE model, with slight underestimation, satisfactorily predicted the
STS of all the concrete tested. The underestimation of the STS with respect to the current
experimental values is considered safe because it is used as the criterion of crack control.

3.4. SEM–EDS Analysis of Control (C), Binary (C/WSA), and Ternary (C/WSA/SF)
Cementitious Pastes

Figure 6 shows the results of SEM–EDS analysis for different mixes. As shown in
this figure, the effects of WSA and SF on the microstructure of cementitious paste were
examined through EDS analyses that were performed on SEM micrographs. The purpose
of the EDS analysis with SEM was to study the crystal structure changes in C-H and C-S-H
phases of paste matrix. Based on the computation from EDS analyses, a comparison of
Ca/Si ratios among different mixes is presented in Table 6.
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Figure 6. SEM–EDS spectrum of control, binary (C/WSA), and ternary (C/WSA/SF) paste sam-
ples (a,b) control, (c,d) WSA10, (e,f) WSA20, (g,h) WSA30, (i,j) WSA25SF5, (k,l) WSA33SF7,
(m,n) WSA40SF10.

Table 6. Ca/Si atomic ratio from EDS analysis of control and mixes containing different percentages
of WSA alone and WSA with SF.

Mix ID
Ca/Si Atomic Ratio

C-S-H Phase C-H Phase

CC 1.93 3.3
WSA10 1.63 3.1
WSA20 1.42 2.65
WSA30 1.6 2.94

WSA25SF5 1.05 2.16
WSA33SF7 0.91 2.1
WSA40SF10 1.24 2.3

According to the findings of past researchers [61–63], the Ca/Si ratio for the C-S-H
phase in paste sample ranges between 0.5 to 2.0, while 2.0 or higher for C-H phases. Among
all mixes, both C-H and C-S-H phases of the control mix exhibited a highest Ca/Si ratio, at
3.30 and 1.93, respectively. As illustrated in Table 6, the lower Ca/Si ratio values of both the
binary and ternary mixes is due to the substitution of cement with WSA and SF that led to
decreased porosity of the paste matrix by forming high-density C-H and C-S-H phases in
these mixes. Among binary mixes, WSA20 exhibited lowest Ca/Si ratio at 2.65 and 1.42 for
C-H and C-S-H, respectively. Therefore, current results suggest a 20% replacement of
cement with WSA without compromising the mechanical and microstructural performance
of concrete. Moreover, all the ternary mixes showed even lower Ca/Si ratio as compared to
binary mixes. A significant decrease in Ca/Si ratio in ternary mixes is attributed mainly to
the fine, amorphous, and highly reactive nature of SF, which is used in ternary mixes in the
presence of WSA. The addition of SF along with WSA results in the formation of additional
C-S-H phases by utilizing C-H phases in the paste matrix. Furthermore, the addition of SF
further enhances both the density of C-S-H and C-H phases and the compactness of cement
paste. Among ternary mixes, the lowest Ca/Si ratio was observed for WSA33SF7, which
indicates its improved microstructural properties due to the formation of high-density C-H
(2.1) and C-S-H (0.91) phases. It is expected that such formation of high-density C-S-H and
C-H phases would result in densification and refinement of the microstructure, leading to
enhanced performance in practical engineering applications.
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3.5. Fourier Transform Infrared (FTIR) Analysis of Cement Pastes

As illustrated in Figure 7, all the paste samples show appearance of IR bands at
the same location; however, their intensities differ. This is attributed to the formation of
hydration products such as C-S-H and C-H [64]. The peaks from 900 to 1100 cm−1 are
associated with vibrations of Si-O bands in C-S-H phase [65]. The IR bands show a higher
relative intensity of the Si-O band in paste samples containing 20% WSA (WSA20). Further,
the samples of ternary blends having WSA and SF showed better results than those of
control and binary mixes. This shift in the Si-O band is associated with polymerization of
silica. A slight shift (960 cm−1) was detected in WSA20. On the other hand, the ternary
concrete samples with different percentages of SF (5%, 7%, and 10%) showed a broader and
significant shift (980 cm−1). A shift toward a higher wavenumber in the spectrum of binary
and ternary pastes suggests formation of a high amount of C-S-H gels. A large amount of
C-S-H gels are produced from the nucleation sites provided by the fine particles of SF, as
also observed earlier through SEM–EDS analysis. The development of high compressive
strength in these mixes can be linked to the formation of a large amount of C-S-H gels.
Moreover, the peaks at 720, 875, and 1415 cm−1 are associated with calcite formed as a
result of carbonation [66].

Figure 7. FTIR spectra of control, binary (C/WSA), and ternary (C/WSA/SF) paste samples after
91 days of curing.

In all the paste samples, the peak at 3645 cm−1 indicates the presence of free OH
groups, which suggests the presence of the portlandite phase. The control sample exhibits
a wider and more visible peak as compared to all other binary and ternary samples.
However, this portlandite peak was reduced in all the binary mixes, which indicates the
extent of portlandite consumption caused by the presence of amorphous silica in WSA.
Interestingly, in ternary mixes containing WSA and SF, the peak remained very small or
almost disappeared, indicating a high pozzolanic reactivity, which consequently results in
greater consumption of C-H. This leads to formation of more C-S-H gels in these mixes [67].
As discussed in the preceding section, similar evidence of this large amount of C-S-H gels
in these mixes was also noticed in SEM–EDS analyses.
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3.6. Nitrogen Adsorption Results (Surface Area and Pore Structure of Cement Pastes)

Figure 8 shows the comparison of cumulative nitrogen intrusion volume with respect
to pore width for different paste samples after curing for 91 days. The results demonstrate
lesser pore volume for ternary mixes having WSA together with SF as compared to control
as well as binary mixes containing WSA. The relatively lesser pore volume of ternary mixes
indicates formation of dense pore structure due to accelerated pozzolanic reactivity caused
by the highly reactive SF. The least amount of nitrogen intrusion volume (0.043 cm3/g)
was observed for a ternary mix with 40% cement substitution (WSA33SF7) followed by
WSA25SF5 (0.045 cm3/g), WSA40SF10 (0.046 cm3/g), WSA10 (0.048 cm3/g), WSA20
(0.049 cm3/g), control (0.050 cm3/g), and WSA30 (0.051 cm3/g). The binary mixes with
lower percent of WSA (WSA10 and WSA20) exhibited lesser nitrogen intrusion volume
as compared to control, however, the maximum nitrogen intrusion volume was observed
for WSA30. This is most obviously due to reduced pozzolanic reactivity when a high
percent of cement replaced with WSA, which consequently had led to increased porosity
and vascularity in the paste matrix.

 
Figure 8. Comparison of the cumulative nitrogen intrusion volumes versus pore widths for control,
binary (C/WSA), and ternary (C/WSA/SF) paste samples after 91 days of curing.

A comparison of Brunauer–Emmett–Teller (BET) surface areas between control and
other binary and ternary mixes is presented in Figure 9. All ternary mixes exhibited higher
BET surface areas as compared to those of binary and CC. Similar to the least amount of
nitrogen intruded volume, WSA33SF7 demonstrated a larger BET surface area (17.6 m2/g)
as compared to all other mixes. An increased BET surface area of the ternary mix indicates
its improved and denser microstructure of C-S-H gels [68,69]. As described in the preceding
section, SEM analysis with EDS demonstrated a dense cementitious matrix with few pores.
In general, BET surface area increased with increasing percent of WSA and SF in ternary
mixes, except for WSA40SF10 (15.7 m2/g), which showed a slight reduction that could be
due to a high amount of cement substitution leading to a large amount of unreacted WSA
in the mixture [70]. Similar to ternary mixes, binary mixes, especially those containing
relatively low percentage of WSA such as WSA10 (12.8 m2/g) or WSA20 (13.0 m2/g), also
showed slightly larger BET surface areas than that of control (12.7 m2/g), which ultimately
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had led to their improved microstructure of C-S-H gel. However, contrary to this, BET
surface area decreased with further increase in percent of WSA (more than 20%) as was
observed for WSA30 (12.0 m2/g). This clearly indicates the presence of unreacted WSA
that had caused the hydration products to jam the pores and form a porous paste matrix.
These results suggest a restricted use of WSA in binary mixes by not more than 20% when
used as a sole substitute of cement.

Figure 9. Comparison of BET surface area between control, binary (C/WSA) and ternary (C/WSA/SF)
paste samples after 91 days of curing.

3.7. Thermogravimetric Analysis (TGA) of Cement Pastes

The thermal decomposition of 91-day cured cement paste samples of control, binary,
and ternary mixtures was performed by TGA to evaluate the effect of WSA and SF on the
amount of C-H (%), which occurred due to the weight loss between 400 and 500 ◦C [71,72].
Based on the TGA results, a comparison of weight loss (%) with respect to temperature is
presented between control, binary, and ternary mixes (Figure 10). Consequently, using the
TGA results, the amount of C-H for different mixes and their normalized C-H (%) values
with respect to OPC was calculated, as listed in Table 7. The normalized C-H values for each
mix were calculated by dividing their C-H values with their respective OPC (%) content.

From Table 7, it can be seen that the maximum C-H content exists in control sample
and a gradual decrease in C-H phase occurred in binary mixes with increasing percent
substitution of cement with WSA. The gradual decrease in C-H content in binary mixes
is obviously due to their decreasing cement content and partly because of the pozzolanic
reactivity caused by WSA due to the formation of hydration products as a result of C-H
consumption. However, as compared to binary mixes, a significant decrease in C-H phase
occurred in ternary mixes, which was due to the simultaneous effects of high reactivity of SF
along with pozzolanic reaction caused by WSA. This would ultimately lead to significantly
high densification and compactness of C-S-H gel microstructure for ternary mixes as
compared to binary and control mixes.

Similar to C-H, it can be further seen from Table 7 that the normalized C-H values of
all the binary and ternary mixes are lower as compared to control. However, in comparison
to ternary, all the binary mixes exhibited relatively higher normalized C-H values, which
demonstrated their lesser pozzolanic reactivity. In fact, the same was also evidenced earlier
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through XRD, SEM–EDS, and FTIR analyses. Moreover, the reason for relatively lower nor-
malized C-H in ternary mixes, despite their large volume substitution of cement, is mainly
due to the high reactivity of SF jointly with pozzolanic WSA, which ultimately causes a
seeding effect to produce more C-S-H gel. These important findings with clear scientific
proofs may justify the effectiveness of using both WSA and SF jointly as a high-volume
replacement of cement for the production of a strong, durable, and sustainable concrete.

Figure 10. Comparison of thermogravimetric analysis of 91-day cured paste samples among control,
binary (C/WSA), and ternary (C/WSA/SF) paste samples after 91 days of curing.

Table 7. Actual amount of calcium hydroxide (C-H) and normalized with respect to the percent
content of cement in each mix (C-H/OPC) after 91 days of cement hydration.

Mix ID C-H (%) C-H/OPC (%)

CC 18.5 18.5
WSA10 13.87 15.4
WSA20 11.28 14.1
WSA30 8.85 12.6

WSA25SF5 7.47 10.7
WSA33SF7 7.26 12.1
WSA40SF10 6.44 12.9

3.8. Global Warming Potential
3.8.1. Comparison of CO2-eq for Unit Concrete Production among Control, Binary, and
Ternary Concrete Mixes

Figure 11 shows the comparison of estimated GWP (kg CO2-eq per unit volume con-
crete) between control and other binary as well as ternary concrete mixtures. In this figure,
the distribution of CO2-eq for each concrete mixture is illustrated by its ingredients and
major production processes. The value of CO2-eq for all concrete mixtures was calculated
by using the green LCA tool according to the data listed in Tables 4 and 5. Subsequently,
the total emission for each concrete mixture was calculated by adding its direct and supply
chain emissions associated with the quarrying, production, and transportation processes
that occur within a systems’ boundary.
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Figure 11. Comparison of GWP distribution by concrete ingredient and phase between control,
binary (C/WSA), and ternary (C/WSA/SF) concrete mixtures.

It can be seen in Figure 11 that among all the different ingredients used in unit
concrete production, cement is responsible for maximum CO2 emission for all the mixtures.
Following cement production, transportation of the raw materials and their products
represents the second-highest source of CO2 emissions, which varies between 8.5% and
19.5%. Most importantly, the CO2 emissions associated with noncementitious materials are
very low and remained almost same for all concrete mixes. According to the calculations,
the SCMs (WSA and SF) constituted only 0.3% to 1.4% of total calculated CO2 emissions.
Similarly, concrete batching and mixing account for very small percentages, between 0.4%
and 0.5%.

According to the comparison, the CC exhibited the highest GWP at 533 kg CO2-eq/m3

among all mixes (Figure 11). On the other hand, the ternary concrete mix containing WSA
together with SF (WSA40SF10) as 50% cement substitution possessed lowest GWP at 313 kg
CO2-eq/m3. Generally, by decreasing the amount of Portland cement in concrete mixes
and increasing the amount of SCMs, the carbon footprint for cement production decreased
from 89% for CC to 44% for WSA40SF10.

3.8.2. Comparison of Normalized CO2-eq for Unit Concrete Production per Unit Strength
(MPa) among Control, Binary, and Ternary Concrete Mixes

Figure 12 shows the comparison of normalized values of GWPs as CO2-eq/m3/MPa
among all the mixes, including control, binary, and ternary (Mix #1 to 7). As illustrated in
Figure 12, the normalized values of CO2-eq/m3/MPa for all the mixes were drawn with
respect to their compressive strength and aging (7, 28, and 91 days). The CO2-eq intensity
of different mixes is used as a measure to evaluate their important impact on compressive
strength of concrete and associated GWP per unit concrete volume and strength [73].
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Figure 12. Comparison of normalized GWPs as kg CO2-eq with respect to strength among control,
binary (C/WSA), and ternary (C/WSA/SF) concrete mixtures.

It can be seen in Figure 12 that each individual mix, in general, showed a gradual
decreasing CO2-eq/m3/MPa trend due to increasing compressive strength with aging.
Moreover, it can be further noted that the amount of CO2-eq/m3/MPa decreases with
decreasing quantity of cement in all the binary and ternary mixtures. The only exception is
the binary mix WSA30, where it slightly increased as compared to WSA20. This is due to
drop of strength in WSA30 because of the high amount of cement substitution (30%) in this
mix as compared to WSA20. A sharp decrease in CO2-eq/m3/MPa in a binary (WSA20)
and ternary mix (WSA33SF7) is due to their high compressive strengths as compared to
other mixes.

The current results dictate the possibility of lowering CO2-eq intensities by replacing
cement with only one type of SCM (WSA) or blends of SCMs (WSA with SF). Accord-
ing to the current findings, the intensities of CO2-eq improved significantly in ternary
blends as compared to binary, without compromising any strength potentials. For in-
stance, despite of almost similar compressive strength of binary WSA20 (43.6 MPa) and
ternary WSA33SF7 (44.6) mixes at 91 days, CO2-eq intensity decreased to 7.9 kg/m3/MPa
in ternary mix (mix #6 having 60% cement) from 10 kg/m3/MPa in binary mix (mix #3
having 80% cement). Furthermore, the addition of higher amounts of WSA (40%) and SF
(10%) in ternary mix (mix #7 having 50% cement) causes a further reduction in CO2-eq
intensity as 7.8 kg/m3/MPa as compared to 12.5 kg/m3/MPa in binary mix (mix #2 having
90% cement). This might be due to slightly higher 91-day strength of ternary mix (40.2 MPa)
as compared to binary mix (38.3 MPa). These findings are equally applicable for these
mixes at other ages as well, such as 7 and 28 days. Consequently, these results suggest that
the intensities of CO2-eq can be reduced without compromising the strength of concrete by
optimizing concrete mixes with appropriate amount of cement replacement and selection
of a suitable type of SCMs with their correctly chosen or tested blend percentages.

4. Conclusions

This study investigated the use of high-volume WSA and its blend with SF as a partial
substitute of cement for the development of high-performance and sustainable concrete.
Besides control (100% cement), several other concrete mixtures were prepared by partially
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substituting cement with only WSA as binary system (10%, 20%, and 30%) and WSA
together with SF as ternary system (25%/5%, 33%/7%, and 40%/10%). Subsequently,
the influence of adding WSA and WSA with SF on the hardened mechanical properties
(compressive and tensile strengths, WA, and AP) was assessed and compared to those of
CC. Finally, paste samples were prepared for all mixes to examine their microstructures and
pore structures using SEM–EDS, FTIR, TGA, and N2 adsorption techniques to scientifically
understand the impact of adding WSA and SF on the resulting paste matrix. At the
end, GWP as kg CO2-eq per unit volume of concrete and kg CO2-eq per unit volume of
concrete/MPa were also calculated using the LCA tool and compared among different
mixes used in this study.

The main findings of this study are summarized as follows:
The current findings demonstrated a decrease in strength of binary concrete corre-

sponding to their relatively low (WSA10) and high (WSA30) cement substitution rates,
while a significant increase in strength was observed for moderate substitution rate of
cement (20%) for binary concrete WSA20. In a very similar manner, the ternary mixes also
showed a decreasing trend of strengths both at low (WSA25SF5) and high (WSA40SF10)
blends of cement substitution, and the significant increase in strength was obtained for the
moderate ternary blend of 33% WSA and 7% SF (WSA33SF7). Moreover, these increased
strengths of WSA20 and WSA33SF7 were validated by their relatively lower apparent
porosity and water absorption values among all mixes.

A correlation between experimental compressive and tensile strengths showed close
agreement to models proposed by Noguchi–Tomosawa and De Larrard and Malier. Based
on the results of current findings, it is recommended to use these models to properly
estimate the tensile strength of tested concretes containing WSA alone or WSA jointly with
SF, except the CC and WSA33SF7, as the JSCE model demonstrated a close agreement for
these two concrete mixes. In addition, the JSCE model safely predicts the tensile strength of
other binary and ternary concrete mixes with their slightly underestimated values.

Analysis of SEM–EDS data reveals that the incorporation of WSA as 20% replacement
of cement (WSA20) leads to the densification of the paste matrix by decreasing the Ca/Si
ratio in both the C-S-H and C-H phases. Furthermore, adding a 7% SF jointly with 33% WSA
in the ternary mix (WSA33SF7) resulted in the lowest Ca/Si ratio among all the concrete
mixtures tested. These findings suggest better refinement of microstructure for these mixes,
which ultimately would lead to improvement of their engineering performance.

A visible shift in Si-O band was observed through FTIR analysis for almost all the
binary and ternary mixes. Comparatively, the shift was more pronounced in all ternary
mixes containing WSA together with SF, which clearly demonstrates the presence of
high levels of C-S-H gels. Moreover, the portlandite peaks (3641–3644 cm−1) were also
significantly smaller in all ternary mixes as compared to binary mixes. This, consequently,
suggests an improved pozzolanic reactivity and the formation of more C-S-H gels that
ultimately leads to a more refined and denser microstructure.

Similar to FTIR analysis, a densification of the paste matrix and refinement of the pore
structure also suggested by the results of N2 adsorption tests was due to the decrease in
intruded pore volume and an increase in BET surface area, especially for mixes WSA20,
WSA25SF5, and WSA33SF7. However, other mixes such as those containing a large amount
of WSA (WSA30 and WSA40SF10) showed a smaller surface area and more intruded pore
volume. This could be possibly due to the presence of unreacted WSA in these mixes that
might have caused high porosity and vascularity in their paste matrices.

As a matter of further validation of these findings, TGA results also showed a reduction
in the portlandite phase of binary and ternary mixes. This occurred especially in those
binary mixes that contained high doses of WSA (WSA20 and WSA30), partly because of a
lesser amount of cement in these mixes and due to the pozzolanic reactivity of amorphous
silica present in WSA. A further reduction in the proportion of portlandite phase occurred
in ternary mixes due to very fine and amorphous silica present in both WSA and SF, which
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would ultimately consume the C-H phase to generate additional C-S-H phases and lead to
densification of the paste matrix.

The GWP per unit volume of concrete (CO2-eq/m3) mixes decreased with decreasing
amount of Portland cement simultaneously with an increase in amounts of SCMs. The
highest GWP of 533 was generated by the control mixture (100% OPC) while the least GWP,
only 313, was produced by the ternary concrete mixture (WSA40SF10) having 40% WSA
jointly with 10% SF and only 50% OPC.

Regardless of aging, all the binary and ternary concrete mixes containing SCMs (WSA
or WSA with SF) exhibited lower CO2-eq intensities as compared to CC, with the only
exception of a binary mix having 10% WSA that showed almost identical CO2-eq intensities
to that of control at later ages of 28 and 91 days. Furthermore, as compared to binary,
ternary mixes having WSA together with SF showed good potential for further reduc-
ing the normalized CO2-eq intensities/MPa at all ages (7, 28, and 91 days). The ternary
mixes containing highest percentages of SCMs, at 40% (WSA33SF7) and 50% (WSA40SF10),
resulted in lower CO2-eq intensity/MPa as compared to that of CC, regardless of aging.
Consequently, it may be safe concluding that the efforts for using larger amounts of region-
ally available SCMs can have an important positive effect on producing green concretes
together with reduced GWP without compromising any strength potentials.
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Abstract: Geopolymer materials are used as construction materials due to their lower carbon dioxide
(CO2) emissions compared with conventional cementitious materials. An example of a geopolymer
material is alkali-activated kaolin, which is a viable alternative for producing high-strength ceramics.
Producing high-performing kaolin ceramics using the conventional method requires a high processing
temperature (over 1200 ◦C). However, properties such as pore size and distribution are affected at
high sintering temperatures. Therefore, knowledge regarding the sintering process and related pore
structures on alkali-activated kaolin geopolymer ceramic is crucial for optimizing the properties
of the aforementioned materials. Pore size was analyzed using neutron tomography, while pore
distribution was observed using synchrotron micro-XRF. This study elucidated the pore structure of
alkali-activated kaolin at various sintering temperatures. The experiments showed the presence of
open pores and closed pores in alkali-activated kaolin geopolymer ceramic samples. The distributions
of the main elements within the geopolymer ceramic edifice were found with Si and Al maps, allowing
for the identification of the kaolin geopolymer. The results also confirmed that increasing the sintering
temperature to 1100 ◦C resulted in the alkali-activated kaolin geopolymer ceramic samples having
large pores, with an average size of ~80 μm3 and a layered porosity distribution.

Keywords: geopolymer; pore; tomography imaging; sintering

1. Introduction

Geopolymer is an inorganic compound material used in construction as a sealant and
heat-resistant material [1]. It is a three-dimensional (3D) aluminosilicate structure that
is activated using suitable precursor raw materials. Kaolin is an inorganic material that
has been identified as geopolymer-compatible with excellent performance. Wang et al. [2]
reported that the kaolin structure is significantly influenced by the calcination temperature.
A change in the aluminium species influences the structural changes of geopolymer after
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being heated to 900 ◦C. The calcium aluminosilicate framework fills the pores between
akermanite crystals after being heated up to 1200 ◦C.

Apart from the geopolymerization component, sintering plays a vital role in produc-
ing geopolymer ceramic. Sintering is defined as a thermally activated adhesion process,
which increases the contact between particles and their respective coalescence. Sintering
closes some of the open pores, decreasing the water absorption rate and increasing pore
strength. The dense heated geopolymer has a glassy phase, making it a ceramic. Tra-
ditionally, ceramic vitrification begins at 900 ◦C, marked by the melting of several solid
phases that bind present solid particles, enhancing bonding strength [3,4]. The solid re-
action product usually consists of an open-pore volume fraction that was reported to be
~<1–40% [5]. After the sintering process, gas adsorption–desorption and mercury intrusion
porosimetry are standard methods used to investigate pore structures [6]. Pores ranging
from 1 μm to 0.5 mm are also commonly investigated using SEM and nitrogen adsorption.
However, these measurements suffer from several drawbacks, rendering them unsuitable
for observing cementitious materials. Both are destructive and can potentially alter pore
structures. Therefore, advanced techniques such as tomography using neutron sources
have been explored to understand the sintering process’ effect on the pore structure of
kaolin-based geopolymer. It has been demonstrated that neutron tomography imaging
is a suitable characterization method for pore structures. An understanding of the pore
structure after the sintering process can be applied for tailoring the resulting materials’
properties. Also, it has been established that the nondestructive testing (NDT) of high-
resolution 3D tomography is beneficial as it elucidates qualitative and quantitative pore
formations [7]. The utilization of this tomography technique to investigate porosity and
pore size distribution is advantageous and effective. Moreover, extensive quantitative re-
search has been conducted on the pores of ceramic materials such as alumina ceramic using
X-ray computed tomography, per Lo. et al. [8]. Nickerson et al. also studied the porosities
formed in ceramics and their permeability using X-ray computed tomography [9].

In this study, tomography imaging with a neutron source was used to elucidate the
effect of sintering on the pore structure of kaolin-based geopolymer. Neutron attenuation
coefficients resulted in different image contrasts relative to those generated by conventional
X-ray tomography, producing high-resolution images suitable for determining correlations
between pore size, density, and absorption performance. Correlations were linked to the
elemental distribution obtained using micro-X-ray fluorescence at a synchrotron source.
This work successfully characterized and investigated the pore structure of kaolin-based
geopolymer.

2. Experimental Section

Materials, Sample Preparation, and Characterization

A precursor of kaolin (supplied by Associated Kaolin Industries Sdn. Bhd., Petaling
Jaya, Malasysia) was used for the synthesis of geopolymer. The NaOH was in pellet form
with 97% purity, and the Na2SiO3 consisted of 9.4% Na2O, 30.1% SiO2, and 60.5% H2O, with
SiO2/Na2O = 3.2. The other characteristics were: specific gravity at 20 ◦C = 1.4 kg/cm3

and viscosity = 0.4 Pa s. To form the geopolymer samples, the kaolin was activated with al-
kaline activator solution, namely, sodium hydroxide (NaOH) and sodium silicate (Na2SiO3)
solution, at ambient temperature. The NaOH clear solution was mixed with sodium silicate
solution and cooled to ambient temperature one day before mixing [10]. The solid–liquid
and Na2SiO3/NaOH were fixed at 1.0 (NaOH molarity 8 M) and 1.5, respectively, on the
basis of previous research on the optimum design of kaolin geopolymer [11]. The kaolin
materials were mixed with an alkaline activator solution for 5 min; then, the homogenized
mixture was poured into a mold. Then, after curing for 14 days, the kaolin-based geopoly-
mer was sintered at 900, 1000, and 1100 ◦C for 2 h at a heating rate of 10 ◦C/min in an
electrically heated furnace. The details of sample preparation are illustrated in Figure 1.
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Figure 1. The process of creating kaolin-based geopolymer ceramic.

The unsintered and sintered samples of pore microstructures were imaged using the
JSM-6460LA Scanning Electron Microscope (JEOL, Peabody, MA, USA) equipped with
secondary electron detectors. The voltage and working distance were fixed at 10 kV and
10 mm, respectively. The surface area and pore volume were measured using Brunauer–
Emmet–Teller (BET) equipment (TriStar 3000, Micromeritics Instrument Corporation, GA,
USA). The adsorbed quantity correlated with the particles’ total surface areas and pore
volume in the unsintered and sintered samples. The samples’ thicknesses were 0.5–1 mm.
For contrast variation measurements, the samples were placed horizontally in a sample
holder and the solvent was added dropwise to the center of the disc.

Neutron images of the samples were acquired at the IMAT beamline, ISIS neutron
source, Rutherford Appleton Laboratory, United Kingdom [12]. The IMAT tomography
camera was equipped with a 2048 × 2048 pixel Andor Zyla sCMOS 4.2 PLUS. The camera
pixel size was 29 μm. The samples were inserted into an aluminum tube that was fixed
on the rotating platform and placed at a distance, L, of 10 m from the beam aperture and
a distance, d, of 25 mm from the neutron screen. The diameter (D) of the beam aperture
was 40 mm, resulting in an L/D ratio of 250. We collected 868 projections, with an exposure
time for each projection of 30 s and a total scan time of approximately 6 h/tomogram.
Several open-beam and dark images were collected for flat fielding before and after each
tomography scan. The images were analyzed using ImageJ and the Octopus reconstruc-
tion package (XRE, Ghent, Belgium). The unsintered and sintered geopolymer samples’
elemental distributions were determined using synchrotron μ-XRF at BL6b beamline at the
Synchrotron Light Research Institute (SLRI) in Bangkok, Thailand. A polycapillary lens
was used to initiate a micro-X-ray beam with a size of 30 × 30 μm on the samples, with
continuous synchrotron radiation. The X-ray energy range used was 2–12 keV without the
monochromator feature. The detection limit at the sub parts per million concentration level
can be obtained at larger than 100 nm, with sensitivities approaching the attogram (10–18 g)
level [13]. The experiments were conducted in a helium (He) gas atmosphere with 30 s of
exposure at each point. The data were obtained and analyzed using PyMca [14].

The samples were fabricated in powder form for phase analyses. The XRD analysis
was performed using an XRD-6000 Shimadzu X-ray diffractometer (Cu Kα radiation
(λ = 1.5418 A)). The operating parameters were 40 kV, 35 mA, at 2θ of 10–80◦, at a 1◦/min
scan rate. The XRD patterns were then analyzed using X’pert HighScore Plus. The density
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was calculated, and water absorption tests were conducted per ASTM C642-13 (ASTM
C642-13, Standard Test Method for Density, Absorption, and Voids in Hardened Concrete,
ASTM International, United States (2013)). The weight of the samples after and before the
samples were immersed in water was recorded, and the percentages of water absorption
for the samples after sintering at 900 and 1100 ◦C were determined.

3. Results and Discussions

3.1. Density and Water Absorption Analysis

In order to examine the pore structure in kaolin-based geopolymer ceramic, the density
and water absorption of kaolin-based geopolymer samples were investigated. The densities
of the unsintered and sintered kaolin at 900 and 1100 ◦C after 3 days are shown in Figure 2.
The densities of the unsintered and sintered samples at all temperatures decreased as
time increased. The unsintered samples had the highest density of 1610 kg/cm3, while
the samples sintered at 1100 ◦C had the lowest density of 1203 kg/cm3. Therefore, we
speculate that the formation of large pores created in the kaolin at 1100 ◦C resulted in the
lowest density, while sintering at 900 ◦C resulted in the formation of small pores in the
kaolin-based geopolymer samples. In addition, the unsintered samples contained small
and open pores, while the sintered samples had large and closed pores, which translated
into a high material density. The existence of these larger pores was likely due to the
growth of sintered necks, which was reflected in the phase evolution. The details of phase
crystallization are discussed in Section 3.6.

Figure 2. The density of kaolin geopolymer over 3 days for unsintered and sintered samples at 900
and 1100 ◦C.

Figure 3 shows the percentage water absorption of the kaolin-based geopolymer
ceramic samples after sintering at 900 and 1100 ◦C after 3 days. After 3 days, the highest
value percentage water absorption occurred with sintering at 1100 ◦C. The percentage
water absorption continuously increased with sintering temperature and time. This was
in accordance with results published by Faris et al. [15]. The higher sintering temperature
resulted in larger pores due to water removal, and the increased pore size increased the
water absorption capacity of the kaolin-based geopolymer samples. The high volume of
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open pores in the samples may have contributed to the high water absorption due to a high
surface area, which was reported by Zulkifli et al. [11].

Figure 3. The water absorption of kaolin geopolymer over 3 days for unsintered and sintered samples
at 900 and 1100 ◦C.

3.2. Pore Structure Analysis

The Brunauer–Emmett–Teller (BET) method was used to determine the surface area
of the unsintered and sintered kaolin-based geopolymers. The specific surface area and
pore volume of unsintered and sintered geopolymers are depicted in Figure 4. Smaller
particles resulted in larger surface areas. This is because sintered kaolin-based geopolymer
has a larger surface area due to the removal of volatiles and impurities from the sample’s
surface. Sutama et al. [16] stated that the formation of pores on the sample may lower the
compressive strength.

The unsintered kaolin-based geopolymer had the lowest surface area (2.3 m2/g) and
pore volume (0.01 cm3/g). After sintering at 900 ◦C, the kaolin-based geopolymer’s surface
area (up to 245 m2/g) and pore volume (up to 0.025 cm3/g) increased relative to those
of the unsintered kaolin-based geopolymer. Then, after sintering at 1100 ◦C, the surface
area increased to 270 m2/g and pore volume increased to 0.04 cm3/g. The kaolin-based
geopolymer was assumed to consist of mesopores in a small quantity, resulting in a higher
surface area after sintering at high temperatures.

3.3. Microstructure Analysis

An SEM revealed the morphological features of kaolin-based geopolymer ceramic
samples at sintering temperatures of (a) unsintered, (b) 900, and (c) 1100 ◦C, as shown in
Figure 5. The unsintered kaolin showed the presence of well-defined clay platelets and an
incomplete reaction of kaolin, as shown in Figure 5a. After sintering at 900 and 1100 ◦C, the
images clearly showed the presence of pores and cracks in all of the heated kaolin-based
geopolymer ceramic samples. The pores formed a network, which resulted in increased
internal porosity. The kaolin-based geopolymer surface became glassy and glossy when
sintered at 900 ◦C (Figure 5b). This microstructure change was attributed to moisture
hydration and phase transformation, as reported by Dudek et al. [17]. It can also be seen
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in Figure 5b that the kaolin-based geopolymer ceramic samples sintered at 900 ◦C had a
higher porosity, alongside cracks and voids.

Figure 4. Surface area and pore volume of kaolin geopolymer samples versus sintering temperature.

Increasing the sintering temperature up to 1100 ◦C increased the number of large pores.
The pore size distribution of kaolin-based geopolymer was ~50 μm for the unsintered
samples. After sintering at 1100 ◦C, the pore size increased to 80 μm, similar to the findings
from the tomography analysis. The pore sizes in kaolin directly affect its mechanical
strength. The SEM images also showed significant cracks due to moisture evaporation and
shrinkage during the sintering process. The loosely grained structure of kaolinite can also
cause cracks, and the presence of voids at the interface of loosening grains can result in
increased total porosity.

3.4. Neutron Tomography Imaging Analysis

Segmentation was carried out in a small area to analyze porosity data in the kaolin-
based geopolymer samples quantitatively, and the 3D reconstruction images are shown in
Figure 6. The kaolin-based geopolymer samples’ widths, lengths, and thicknesses, shown
in Figure 6a–c, were 2900, 1740, and 1740 μm, respectively. The white color indicates the
solid kaolin-based geopolymer, while blue indicates the air (pore) space. The total number
of pores for this region was estimated to be 197, and after sintering at 900 and 1100 ◦C,
the total number of pores decreased to 182 and 125, respectively. Neutron tomography
made imaging very small pores at high resolutions possible, and the results are shown in
Figure 6d–f. In the case of the unsintered kaolin, the pore size was ~50 μm3, and when
sintered at 900 and 1100 ◦C, the pore size increased to 68 and 82 μm3, respectively. Figure 6g
displays pore numbers and sizes. These sizes are in agreement with those measured in the
SEM images shown in Figure 4.
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Figure 5. SEM micrograph of (a) unsintered, (b,d) sintered at 900 ◦C, and (c,e) sintered at 1100 ◦C
kaolin-based geopolymer.

When sintered, the small pores merged to become large(r) pores due to moisture
hydration after sintering. Our images show the isolated closed pores in the 3D volume,
and it was, in fact, a network of fully connected open pores in 3D. Interestingly, after
sintering, the pore distribution of the kaolin-based geopolymer became layered, as shown
in Figure 6b,c. The layer distance between porosities was estimated to be ~120-130 μm
when sintered at 900 and 1100 ◦C because the kaolin-based geopolymer exhibited low
reactivity with the alkaline silicate solution.

A layered structure was caused by the sintering of the kaolin-based geopolymer at
a higher temperature. The layered structure was indicated by the transformation of pore
appearance, as shown in Figure 7. The pore transformation was attributed to the larger
surface area causing necking reactions between particles (Figure 7b). During sintering,
atoms diffuse from an area of higher chemical potential to an area of lower chemical poten-
tial. Small pores then merge to form larger pores. The layered grain structure represented
the disorganized kaolinite structure (grey color) that was due to dehydroxylation. The
dehydroxylation of kaolin resulted in the destruction of the crystalline structure and the
transformation of the mullite phase, as confirmed by an XRD analysis. These findings are
consistent with ElDeeb et al. [18], who posited that the hydroxylation of clay sheets occurs
with high-temperature sintering.
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Figure 6. Tomography imaging of (a) unsintered and sintered geopolymer at (b) 900 and (c) 1100 ◦C.
(d–f) Tomography imaging with zoom and higher resolution and (g) total pore numbers and average
pore sizes.

3.5. Elemental Distribution Analysis

The kaolin-based geopolymer ceramic samples were further characterized using micro-
XRF mapping to understand their elemental distribution vis-à-vis sintering temperatures.
Figure 8 illustrates the localized micro-XRF mapping of the kaolin-based geopolymer
ceramic samples that were (Figure 8a) unsintered or heated to 900 (Figure 8b) or 1100 ◦C
(Figure 8c), signifying where the (main) elements Si and Al were critically located within
the samples. The distributions of the main elements within the geopolymer ceramic edifice
were confirmed using synchrotron micro-XRF. The distribution of Si combined with the
Al map allowed for the identification of the kaolin-based geopolymer ceramic backbone
(kaolinite). The red, green, and blue spots represent the high, medium, and low intensities,
respectively, for each distribution element at the integrated area.
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Figure 7. Sintering mechanism of pore transformation in various environments: (a) unsintered,
(b) 900 ◦C, and (c) 1100 ◦C.

Figure 8. Micro-XRF elemental distribution maps of Si and Al in kaolin geopolymer ceramic at
various sintering temperatures.

The various sintering temperatures resulted in significant changes in the Si and Al
element distributions, edging the material towards phase transformation. A high con-
centration of Si (Figure 8a) represented the kaolinite grain. Upon obtaining the pore
microstructure of the kaolin-based geopolymer ceramic (Figure 8b), the Si and Al regions
showed higher intensities, reflecting the presence of the minerals quartz and nepheline, as
depicted in Figure 8 and the next section. At 1100 ◦C, Si and Al were of higher intensities
in a localized area, reflecting the formation of mullite. This Si–Al-rich crystalline mineral
contributed to the pores’ microstructure appearance, as shown in Figure 5b,c.

3.6. Mineral Phase Transformation

Figure 9 shows an XRD diffractogram of the kaolin-based geopolymer ceramic when
(a) unsintered or heated to (b) 900 or (c) 1100 ◦C. The unsintered kaolin-based geopolymer
showed the presence of crystalline phases such as kaolinite, quartz, and tridymite. A
geopolymerization reaction was initiated by the dissolution of aluminosilicate materials in
an alkali activator (combination of NaOH and Na2SiO3 solutions). Next, the products of
dissolution underwent nucleation growth and polymerization processes before hardening
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at the polycondensation stage. There have been several findings obtained with a similar
method for producing kaolin-based geopolymer at room temperatures [19,20]. Additionally,
kaolinite was traced as a major mineral in spectra of kaolin-based geopolymer samples [21].
Owing to the lower activity of pure kaolin, a number of distinctive kaolinite peaks remained
in the diffractogram of the kaolin-based geopolymer [22]. However, these kaolinite peaks
decreased at high sintering temperatures, as shown in Figure 9b.

Figure 9. Phase transformation of kaolin geopolymer when (a) unsintered, (b) sintered at 900 ◦C, and
(c) sintered at 1100 ◦C. M, mullite; C, cristobalite; Q, quartz; K, kaolin; N, nepheline; T, tridymite.

Sintering temperatures up to 1100 ◦C introduced the formation of the mullite phase
(Figure 8c). The mullite phase is present in this sintering region, manifesting superior
thermochemical stabilities [23,24]. Furthermore, the appearance of cristobalite was due to
unreacted quartz (SiO2) after the decomposition of kaolinite at 900 ◦C [25]. The liberation
of SiO2 corresponded to the kaolinite–mullite transformation, which yields to Al–Si spinel
phase [26]. This was corroborated with the elemental distribution analysis obtained using
micro-XRF, as the sintered kaolin geopolymer ceramic samples showed a high intensity at
the Si and Al regions at 1100 ◦C (Figure 7c). The transformation of mullite is described by
the chemical reaction in Equation (1) [27,28]:

2Si3Al4O12Al-Si spinel → 23Al2O3.2SiO2 mullite + 5SiO2 (1)

4. Conclusions

This manuscript summarizes the effects of sintering temperature on the pore structure
of an alkali-activated kaolin-based geopolymer ceramic. Sintering temperatures signifi-
cantly affected the size and number of pores in the kaolin-based geopolymer. The material’s
density and water absorption confirmed the presence of pores after the sintering process.
Microstructural analyses showed that sintering at 1100 ◦C resulted in large pore sizes
relative to the material’s unsintered counterpart. Tomography imaging also confirmed the
presence of a layered pore structure after sintering. The pore size at 900 ◦C was 50 μm3, and
after sintering at 900 and 1100 ◦C, the pore size increased to 68 and 82 μm3, respectively.
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Abstract: Coal ash-based geopolymers with mine tailings addition activated with phosphate acid
were synthesized for the first time at room temperature. In addition, three types of aluminosilicate
sources were used as single raw materials or in a 1/1 wt. ratio to obtain five types of geopolymers
activated with H3PO4. The thermal behaviour of the obtained geopolymers was studied between
room temperature and 600 ◦C by Thermogravimetry-Differential Thermal Analysis (TG-DTA) and
the phase composition after 28 days of curing at room temperature was analysed by X-ray diffraction
(XRD). During heating, the acid-activated geopolymers exhibited similar behaviour to alkali-activated
geopolymers. All of the samples showed endothermic peaks up to 300 ◦C due to water evaporation,
while the samples with mine tailings showed two significant exothermic peaks above 400 ◦C due to
oxidation reactions. The phase analysis confirmed the dissolution of the aluminosilicate sources in
the presence of H3PO4 by significant changes in the XRD patterns of the raw materials and by the
broadening of the peaks because of typically amorphous silicophosphate (Si–P), aluminophosphate
(Al–P) or silico-alumino-phosphate (Si–Al–P) formation. The phases resulted from geopolymeri-
sation are berlinite (AlPO4), brushite (CaHPO4·2H2O), anhydrite (CaSO4) or ettringite as AFt and
AFm phases.

Keywords: phosphate-based geopolymers; thermal behaviour; thermogravimetry-differential
thermal analysis; phase analysis

1. Introduction

Globally there is a continuing concern for the research and development of green
materials for civil engineering, in particular for the replacement of those based on Ordinary
Portland Cement (OPC) [1,2]. Thus, it is essential to improve both the conventional
technologies for the exploitation of natural resources and the technologies for obtaining
concrete based on OPC. The purpose of these changes is to convert existing cement plants
into facilities suitable for the manufacture of green concrete, such as geopolymers [3].
Geopolymers are eco-friendly materials created through the geopolymerisation chemical
reaction which occurs after mixing an aluminosilicate source with an aqueous solution.
This multiple-stage reaction consists of (1) dissolution of the aluminosilicate source in
acidic medium, (2) Si–O–Al network and gel formation and (3) formation of a geopolymer
structure [4].

A comprehensive review of alkali-activated geopolymers was conducted by Almu-
tairi et al. [5], according to their study, multiple aluminosilicate wastes, such as red mud,
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ground granulated blast slag, rice husk ash, fly ash and glass powder can be used as raw
materials for the alkali-activated cement. Moreover, the resulting material will exhibit
high chemical stability and an 80% reduction in CO2 emissions compared with their main
competitor (OPC-based materials). In another study [6], another aluminosilicate, volcanic
pumice dust, was mixed with OPC or cement kiln dust to obtain high-performance geopoly-
mers. In terms of compressive strength, the optimum mixture was that of volcanic pumice
dust and cement kiln dust, while the porosity and water absorption at a curing age of
28 days were almost the same for all mixtures. In another study, Arpajirakul S. et al. [7]
evaluated the effect of urea-Ca2+ addition on soft soil stabilisation by microbially-induced
calcite preparation technique. According to their study, the compressive strength can be
increased up to 18.50% at an optimum urea addition rate of 7.5 mmol/h.

The interest in geopolymer development has been boosted by their versatility, asso-
ciation with a multitude of aluminosilicate sources, production parameters and potential
activators [8]. However, the multitude of production process parameters as well as the
variety of sources of raw materials, slows down the market transition and industrial devel-
opment of these materials. Another barrier in their industrial development is the high price
of activation solutions, especially sodium silicate [9]. Therefore, recent studies in the field
have been focused on the discovery and development of new activation solutions which
are cheap and have a low environmental impact. Thus, phosphoric acid has become the
main competitor of alkaline activators used to date in geopolymers [10,11]. However, the
replacement of alkaline solutions with phosphoric acid has led to a major change in the
formation mechanism of geopolymers; therefore, the obtained materials may have chemi-
cal, structural, thermal and mechanical characteristics which are different from those of
alkaline-activated geopolymers. Accordingly, to reach the industrial development potential
of phosphoric acid-based geopolymers, it is necessary to study all of their characteristics.

Wang Y.S. et al. [12] successfully synthesized phosphate-based geopolymers using
silica fume mixed with metakaolin as an aluminosilicate source and monoaluminium phos-
phate for the activator solution. According to their study, at an Al/P ratio of one, the opti-
mum compressive strength was obtained due to the formation of SiO2·Al2O3·P2O5·nH2O
and AlH3(PO4)2·3H2O. Moreover, these main reaction products of geopolymerisation will
be converted to berlinite when exposed to high temperatures. In another study [13], the
authors evaluated the thermal behaviour and water resistance of geopolymers obtained
from a mixture of metakaolin with phosphoric acid (10 M) as an activator. According to
their study, the geopolymers with a Si/P ratio of 0.82, cured at 60 ◦C for 24 hours and
aged in air for 28 days will exhibit a 50% higher compressive strength than those aged in
water. The phenomenon was correlated with the hydrolysis of Si–O–P bonds during ageing.
However, even in these curing conditions, the obtained geopolymers showed comparable
mechanical properties with Ordinary Portland Cement (OPC) materials; therefore, these
materials can be used in civil engineering applications.

Bai C. et al. [14] synthesized foams with a homogeneous microstructure by mixing
metakaolin with phosphoric acid (85 wt.%) and water at a molar ratio of H3PO4/Al2O3 = 1.8,
SiO2/Al2O3 = 2.4 and H2O/H3PO4 = 6.7, respectively. The geopolymer foam produced
had a total open porosity as high as 76.8 vol%, and compressive strength of 0.64 MPa. In
addition, when exposed to high temperature a 6.4% shrinkage and close to 90% weight loss
was observed. The shrinkage was associated with the mesopores decreasing and densifica-
tion due to dehydration of the structure, yet they concluded that the obtained material is
suitable to replace the conventional highly porous materials in industrial applications.

Zribi M. et al. [15] evaluated the structure of phosphate-based geopolymers by com-
bining four different techniques (magic angle spinning nuclear magnetic resonance (MAS-
NMR), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction powder (XRD) and
scanning electron microscopy (SEM)). According to their study, the material obtained by
mixing metakaolin with phosphoric acid at an Al/P ratio of one and cured at 60 ◦C for 24 h
exhibited an amorphous structure composed of an aluminium phosphate geopolymeric
network dispersed in a base created from Si–O–Si, Si–O–Al and Si–O–P units.
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According to Djobo J.N.Y. et al. [16], the phosphate geopolymers are obtained due
to the reaction of Al3+ ions with the proton H+ and H2PO4—species resulting from the
deprotonation of commercial H3PO4. Moreover, when the aluminosilicate source is rich in
different types of metal compounds besides Al3+, the obtaining reaction involves Fe2+/Fe3+,
Ca2+ and Mg2+ ions dissolution. The resulting ions will react with the phosphate species
in the following order: Ca2+ = Mg2+ > Al3+, Fe2+/Fe3+, resulting in calcium phosphate,
magnesium phosphate aluminophosphate, silico-aluminophosphate, silicophosphate and
iron phosphate phases.

One of the reasons why the interest in the development of geopolymers activated with
acid solutions based on potassium is increasing, is the superior compressive strength of
the resulting materials, compared to those which are alkaline-activated [17]. Moreover,
the economic aspects also tip the scales in favour of the acid-activated ones, this aspect
is due to the fact that the sodium hydroxide solutions do not present a sufficiently high
geopolymerization potential when used alone. To develop suitable mechanical properties
for civil engineering applications, the alkaline activator most often consists of a mixture
of sodium hydroxide solution and sodium silicate. The sodium silicate is in a larger
amount than the sodium hydroxide solution. This aspect greatly influences the price
of the final product due to the high purchase price of sodium silicate. Given that the
industrial development of a product is limited by its price, obtaining a cheap alternative
to geopolymers and their development is essential for the transition from conventional
materials (OPC-based concrete) to sustainable materials (geopolymer concrete).

So far it has been observed that in the case of potassium-based geopolymers, the com-
pressive strength developed over time is higher than that of sodium-based geopolymers.

The effect of the Si–Al ratio on the mechanical and structural characteristics of geopoly-
mers has been reported in a multitude of studies [18,19]. According to these studies, it
was observed that the best properties are obtained for Si/Al between 1.5 and 1.9. It has
also been observed that another chemical ratio with a significant influence on geopolymers
is that between Na/Al [20]. Its optimal value is close to one, however, a decrease in the
ratio leads to the production of a structure with high porosity, and its increase results in
an improvement of the compressive strength. In the case of acid-activated geopolymers,
the chemical ratio of primary interest is that between P and Al. According to previous
studies [12,21], it influences the mechanical properties of geopolymers in a similar way to
the ratio of Na to Al, but to our knowledge, no study has evaluated the thermal behaviour
on ambient cured geopolymers activated with phosphoric acid in different P/Al ratios.

Multiple previous publications have focused on the effects of phosphoric acid activa-
tion on the mechanical characteristics of geopolymers. Moreover, most of the studies use
metakaolin as a raw material because it has a simple chemical composition compared with
other precursors. Therefore, there is a lack of information on the thermal behaviour and
phase transition of phosphate-based geopolymers, especially on those which use coal ash
or other by-products as aluminosilicate sources. This study aims to evaluate the influence
of curing parameters and phosphate acid concentration on the thermal behaviour and
phase transition of coal ash-based geopolymers with mine tailings content. As presented
in [22,23], the minerals containing sulfides, such as pyrite, pyrrhotite and arsenopyrite can
be oxidized when mixed with water or oxygen. Therefore, harmful metals can be released
into the environment. Another advantage of using mine tailings in geopolymer develop-
ment is related to their capacity for immobilizing harmful species during the hardening
process. During the formation of ettringite, different elements can be replaced with others
that have a similar radius and oxidation state. Accordingly, multiple metals, the harmful
one included, will be encapsulated into the structure of the geopolymer, as follows: Ca2+

will be replaced by Mg2+, Co2+ and Zn2+; Al3+ will be replaced by Cr3+, Sr3+ and Fe3+; and
SO4

2− will be replaced by oxyanions of Cr and As.
Accordingly, this study investigates the effect of room temperature hardening on phase

transition during geopolymerisation in five types of geopolymers obtained by mixing three
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types of raw materials (coal ash, metakaolin and mine tailings). Moreover, the thermal
behaviour of these materials was analysed up to 600 ◦C.

2. Materials and Methods

The obtained geopolymer was manufactured by mixing the raw material with a com-
mercially available acid solution of o-phosphate (H3PO4) with 85 wt.% solid content. The
solid to liquid ratio was optimized to assure an Al/P ratio of 1, for both types of geopolymers.

2.1. Materials
2.1.1. Coal Ash (CA)

In this study, local coal ash from CET II Holboca, Iasi, Romania was collected and
processed. To ensure experimental repeatability, the collected powder was firstly dried in a
chamber with a static atmosphere, i.e., without ventilation, to avoid fine particle removal,
and was secondly sifted to remove the particles with a diameter above 100 μm. The drying
method is common and is presented in the literature [20], while the sifting method has been
presented in a previous study [4]. The coal ash used in the study had a particle size distri-
bution of 3.4 μm (d50) and a specific surface area of 1.6 m2/g as determined by a Coulter
LS 200 laser scattering particle size distribution analyser (Beckman Coulter Inc., Pasadena,
CA, USA). In addition, the bulk density of coal ash was 2.16 ± 0.01 g/cm3 evaluated with a
Le Chatelier densimeter (Recherches & Realisations Remy, Montauban, France).

According to XRF analysis, the coal ash used in this study belongs to class F fly ashes.
From a microstructural point of view (Figure 1), the aluminosilicate waste collected is a
mixture of fly ash and bottom particles, as both spherical and irregular porous particles can
be seen.

 

Figure 1. Coal ash morphology showing bottom and fly ash particles.

Coal ash is a mineral residue resulting from coal combustion in thermal power plants, it
has small particles in the range of 0.01 to 300 μm. The chemical composition of coal is critical
since it influences the ultimate properties of geopolymers. Silicon dioxide, aluminium oxide,
iron oxide, and calcium oxide are the chemical compounds with the highest concentrations
in their composition. Its chemical composition, on the other hand, changes depending on
the type of coal and the furnace operation.

2.1.2. Metakaolin (MK)

The metakaolin used in this research was produced by the calcination of commercially
available kaolin clay [12] at low temperatures (heated up to 700 ◦C at a rate of 10 ◦C/min
and maintained for 30 min.). As a result, the starting material was converted into an
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aluminosilicate source with strong pozzolanic activity. According to the XRF analysis, the
metakaolin contains a high concentration of silicon and aluminium oxides (Table 1). The
metakaolin used in the study had a particle size distribution of 9.2 μm (d50), a specific
surface area of 16.8 m2/g and a bulk density of 0.22 ± 0.01 g/cm3.

Table 1. Oxide composition of raw materials, coal ash (CA), metakaolin (MK) and mine tailings (MT).

Sample Oxide SiO2 Al2O3 FexOy CaO K2O MgO TiO2 CuO Na2O P2O5 SO3 Oth.* L.O.I.**

CA %, wt. 46.1 27.6 9.8 6.2 2.3 1.9 1.3 0.0 0.6 0.4 - 0.3 3.5

MK %, wt. 52.1 42.5 1.2 0.7 0.5 0.2 0.9 0.0 - 0.2 - 0.4 1.3

MT %, wt. 16.2 2.6 38.9 0.4 0.6 - 0.2 0.5 - 0.3 11.4 0.9 28.1

Oth.*—oxides in a concentration lower than 0.1% (traces of S, Cl, Cr, Zr, Ni, Sr, Zn and Cu). L.O.I.**—Loss
on ignition.

2.1.3. Mine Tailings (MT)

In this study mine tailings from barite mine were collected and subjected to calcination
to remove water, organic matter and to improve reactivity. The parameters of the calcination
process were the same as those used for the kaolin calcination. However, according to the
oxide chemical composition analysis, the MT used in this study exhibit a high content of
Fe oxides and a much lower content of SiO2 and Al2O3 than CA or MK. The mine tailings
used in the study had a particle size distribution of 46 μm (d50), a specific surface area of
0.33 m2/g and a bulk density of 2.83 ± 0.01 g/cm3.

2.1.4. Activator Solution

As an activator, an acid solution of o-phosphate (H3PO4) with 85 wt.% was diluted in
distilled water to obtain a corresponding activation solution for an H3PO4/Al2O3 ratio of
1:1. According to previous studies [12,13], this ratio exhibits the best performance in terms
of the compressive strength of obtained geopolymers.

Using the materials presented above, five types of geopolymers were synthetized.
Table 2 shows the experimental mixes used in this study. The samples were designed
to observe the influence of 50% by the mass addition of each raw material onto another.
Accordingly, geopolymers with 100% of the solid component of coal ash (CA–geo) and
metakaolin (MK–geo) were obtained, while because of the low geopolymerisation potential
of mine tailings, a geopolymer with 100% mine tailing in the solid component could not
be synthesized (the sample could not be cured at room temperature). In order to evaluate
the addition of each component, three types of blended geopolymers have been designed,
one from a mixture of metakaolin and coal ash (CAMK), one from a mixture of mine
tailings and coal ash (MTCA) and another one with mine tailings and metakaolin (MTMK).
Accordingly, these samples were obtained from a mixture of two of the raw materials at a 1
to 1 weight ratio.

Table 2. Mix design and parameters.

Sample Code Coal Ash, wt.% Metakaolin, wt.% Mine Tailings, wt.% Al/P Molar Ratio Curing, ◦C

CA-geo 100 - - 1 22 ± 2

MK-geo - 100 - 1 22 ± 2

CAMK 50 50 - 1 22 ± 2

MTCA 50 - 50 1 22 ± 2

MTMK - 50 50 1 22 ± 2

All the mixtures have been activated with a phosphorous solution at a solid/liquid
ratio of 0.9 (to assure workability). Moreover, to assure better homogeneity, the geopolymers
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with multiple aluminosilicate sources were mixed in a dry state for 2 min, and for 5 min
after the liquid addition, according to the procedure presented in [18,19]. Accordingly, the
mixtures were poured into 20 × 20 × 20 mm3 moulds, covered with a thin layer of plastic
(to avoid moisture loss) and cured at room temperature (22 ± 2 ◦C) for 28 days before
testing. The schematic representation of samples obtained is presented in Figure 2.

 

Figure 2. Process flow diagram of the obtained samples.

2.2. Methods

The thermal behaviour of the acid-activated geopolymers obtained in this study was
evaluated through differential thermal analysis (DTA) combined with thermogravimetric
analysis (TGA). Moreover, X-ray diffraction (XRD) was involved to analyse the phase
transition following the geopolymerisation reaction.

2.2.1. X-ray Diffraction

The mineralogical composition of the acid-activated geopolymers was analysed by
XRD using X’Pert Pro MPD equipment (Malvern Panalytical Ltd., Eindhoven, The Nether-
lands). The CuKα radiation was recorded in the range of 5◦ and 60◦ 2θ using a single
channel detector. The radiation was collected at a step size of 0.013◦, while the copper X-ray
tube was operated at a 40 mA current intensity and a 45 kV voltage.

The XRD analysis was performed on samples in a powder form, which were grounded
after the curing period.

2.2.2. Simultaneous Thermal Analysis

The transformations of phases and weight evolution was evaluated in the 25–600 ◦C
temperature range using STA PT–1600 equipment (Linseis, Selb, Germany). The heating
was performed in a static air atmosphere on samples lighter than 50 mg at a rate of
10 ◦C/min.

3. Results and Discussion

3.1. Phase Transition Analysis

The XRD patterns were evaluated using Highscore software v5.1, while the identifica-
tion of the peaks was conducted using the PANalytical 2021 database. The peak search was
realized considering only those with a minimum significance of 5.00, and a peak base with
Gonio of 2.00, through the minimum second derivative method.

The XRD analysis of the CA samples (Figure 3) confirms the presence of multiple
phases, such as quartz (96-900-9667), calcite (96-900-0967), anorthite (96-900-0362) and
hematite-proto (96-900-2163). The detected hematite-proto contains Fe, H and O. Moreover,
the XRD pattern of the metakaolin showed a high content of a typical amorphous structure.
Compared to the CA pattern, the one specific to MK showed multiple peaks with high
intensity. The most significant peak is positioned close to 25◦ (2θ) and corresponds to
kaolinite (96-900-9231), the second peak, positioned close to 12.5◦ (2θ) corresponds to
the same phase, while the peak close to 26.6◦ (2θ) corresponds to quartz (96-900-9667).
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Close to 35◦ (2θ) multiple peaks confirm the presence of muscovite (96-901-4938), while
chloritoid (96-900-5444) was detected with the most significant peak close to 20◦ (2θ). The
detected kaolinite contains Al, Si and O, the detected quartz contains Si and O, the detected
muscovite contains K, Al, Si and O and the detected chloritoid contains Al, Fe, Mg, Si
and O. As can be seen from Figure 3, in the case of MK, almost all of the identified peaks
confirm the presence of kaolinite, quartz, muscovite and chloritoid.

Figure 3. The XRD pattern of the raw materials used in this study.

In the case of MT, the XRD pattern confirmed the presence of multiple phases rich in
Fe or Si. Accordingly, quartz (96-901-5023), hematite (96-901-5965), pyrite (96-900-0595),
calcium cyclo-hexaaluminate (96-100-0040) and hydrazinium copper sulfide (96-430-7636)
were detected.

Due to the reaction between the activator and the aluminosilicate source, the dis-
solution of aluminates and silicates occurred, resulting in disordered and amorphous
silicophosphate (Si–P), aluminophosphate (Al–P) or silico-alumino-phosphate (Si–Al–P)
gels. However, the differences between the XRD spectra of the raw materials and the spec-
tra of the acid-activated geopolymers are low because the Si–P, Al–P and Si–Al–P phases
are typically amorphous (Figure 4). The existence of quartz and kaolinite at the same
position was evident in previous studies [24,25]. Moreover, it can be observed that, due
to the geopolymerisation reaction, multiple peaks disappeared, such as the peak around
22◦ (2θ) and the one around 29.5◦ (2θ). In addition, the intensity of the peaks decreased
significantly. However, one new peak can be observed around 40.5◦ (2θ).

The calcite disappearance from the CA after the reaction with the phosphoric acid, i.e.,
the peak around 28◦ (2θ), disappeared due to geopolymerisation. This could be attributed
to brushite formation or to the following chemical reaction (Equation (1)):

3Ca2+ + 2PO4
3− + H2O = 3CaO − P2O5 - H2O (C-P-H gel) (1)

In a phosphate acid environment, the Al oxides will be dissolute after the Ca com-
pounds; therefore, the C–P–H gel will be formed before Al-P [10]. Therefore, by comparing
the samples with MK against those without MK, it can be stated that the samples with
higher Ca content will exhibit a lower setting time, due to the solubility differences between
the divalent metals and the trivalent one.
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Figure 4. The XRD pattern of the acid-activated geopolymers without mine tailings.

The broad peak at 27◦ (2θ) indicates the formation of the berlinite phase (AlPO4) which
has a similar XRD pattern to quartz and will confer high mechanical properties to the final
geopolymer [10,26]. Moreover, by comparing the XRD pattern of the MK with that of
MK–geo, it can be observed that all of the peaks between at 26◦ (2θ) and 35◦ (2θ) appeared
due to the reaction between the acid and the raw material. Furthermore, the intensity of all
the peaks specific to kaolinite have been reduced.

In addition, as observed in [27,28], multiple Al–O–P phases, such as phosphotridymite,
phosphocristobalite, aluminium phosphate or aluminium phosphate hydroxide appear, but
they overlap with the patterns of other phases. However, a hydrated form of aluminium
phosphate confirmed as metavariscite was detected [29].

In the samples with mine tailings (Figure 5), the characteristic diffraction of anhydrite
(CaSO4) disappeared, which indicates that the structures of CaSO4 were dissolute due to
the phosphoric acid presence. Furthermore, the resulting Ca contributes to the formation
of brushite or amorphous calcium phosphate [30] and as crystalline ettringite in Aft and
Afm monosulfate [31,32]. In addition, the peak around 12◦ (2θ), which corresponds to
hydrazinium copper sulfide, increased significantly in the MTCA geopolymer.

 

Figure 5. The XRD pattern of the acid-activated geopolymers with mine tailings.
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3.2. Thermal Behaviour Analysis

The TG-DTA analysis was used in this study to analyse the thermal behaviour of
five types of geopolymers. Accordingly, it was observed that the addition of another
aluminosilicate source influenced the metakaolin or coal ash-based geopolymers. By
evaluating the heat flux and the mass evolution during the heating of the sample, the
volatile compounds were eliminated, while the transition of different phases were observed.
Moreover, by overlapping the TGA with the DTA curve, the mass loss or gain at specific
temperatures could be correlated with the heat flux, to confirm the presence of a specific
phase and its amount.

The samples analysed in this study showed multiple peaks on the DTA curves, which
have been correlated with the water evaporation and oxidation processes. As can be seen
in Figure 6, the samples without mine tailings exhibited similar behaviour, except for the
samples CAMK which showed an endothermic peak around 220–260 ◦C. Moreover, the
samples with mine tailings exhibited important oxidation reactions above 400 ◦C.

 
Figure 6. DTA plots of the studied geopolymers.

Moreover, as can be seen in Figure 6, the acid-activated geopolymers exhibit similar
behaviour to the alkali-activated ones. Accordingly, the DTA curve of the coal ash-based
geopolymer (CA–geo) shows multiple peaks, while the most significant one is the endother-
mic peak around 131 ◦C. This peak is correlated to the removal of the water molecules,
which can exist as a free or chemical bond with the components from the geopolymers’
structure. Therefore, the use of phosphoric acid as an activator will lead to the development
of a porous structure with zeolitic channels, which keep the water at temperatures much
higher than evaporation. Firstly, the hygroscopic water is removed until 120 ◦C, this exists
in the structure of the geopolymers due to their hygroscopicity. Secondly, up to 300 ◦C,
the physically strong bond molecules of water are removed as follows: (i) up to 200 ◦C the
crystallization water bounded in the structure during the crystal formation from the aque-
ous solution is created by mixing the aluminosilicate source with the activator; (ii) during
heating between the 180 and 300 ◦C temperature range, the molecules from intracrystalline
type or network type hydrogels are removed. In approximately the same temperature
range, zeolitic water will be removed from the channels. The behaviour is similar also for
MK-geo and CAMK, the peak temperature being changed in accordance with the amount
of water and the size of the sample. Moreover, the metakaolin-based sample showed the
largest peak as it has a higher amount of gel pores and zeolitic channels compared with
the coal ash-based ones. Accordingly, the minimum value of the first peak was moved
to higher temperatures, close to 167 ◦C. The blended (mix of two aluminosilicate sources,
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coal ash and metakaolin) geopolymer, CAMK sample, showed a broader peak into the
water removal temperature range. This change could be correlated with the influence of
the thermal behaviour on water removal at a low temperature from large pores specific to
coal ash-based geopolymers overlapping next to water removal from small pores specific
to metakaolin-based geopolymers.

By comparing the broadening of the first peak, it can be stated that the metakaolin-
based geopolymers contain a higher quantity of water in small pores compared with
those based on coal ash. These results are fully in line with the pore size distribution
in geopolymers evaluated by NMR in previous studies, where the authors from [33]
discovered a large amount of pores around 2.5 nm in metakaolin-based geopolymers,
while in [34], the experiments on coal ash geopolymers showed that the first peak, on the
relative pore size distribution, was positioned at higher relaxation time, i.e., the pores have
a higher diameter.

As the samples are heated up above 300 ◦C, the chemically bound water will be
removed. Accordingly, the fluctuations from the DTA curves correspond to the decomposi-
tion of acids, basics and neutral groups, which are formed between a metal and the OH
groups. Considering the chemical composition of the raw materials, those can be Fe(III),
Ti(IV), Si(IV), Na, K, P, Mg(II), Ca(II) and Al(III).

In the case of the blended geopolymer, the Na and Ca addition from the coal ash
significantly affected the amount of water retained in Ca– or Al–silicate–hydrate channels
and pores. This phenomenon can be due to the high concentration of Al brought into
the system by the metakaolin. In other words, by mixing these two raw materials, the
addition of these three elements (Na, Ca and Al) will have a significant impact on the con-
densation of C–A–S–H, C–S–H and N–A–S–H and, consequently, on the three-dimensional
aluminosilicate network [35]. Accordingly, in the case of the CAMK sample, the water
evaporation reaction from sodium–aluminosilicate hydrogel (N–A–S–H gel) is much more
dominant in the hydrogels range (close to 185 ◦C), while the endothermic peak related
to water removal from C–S–H and C–A–S–H structures can be observed around 240 ◦C.
Moreover, in the case of acid-activated geopolymer, structures such as –Si–O–Al–O–P– gel
will lose the water from the network in the same temperature range [10].

Above this temperature, no significant peak can be identified in the case of coal ash-
or metakaolin-based geopolymers. However, when mine tailings are involved in the
mixture, the thermal behaviour is significantly changed. Consequently, the separation of
the endothermic peaks in the range of water evaporation is much clearer. Accordingly,
the MTCA curve shows two minimum points, the first being close to 125 ◦C, and the
second being around 155 ◦C. However, in the case of the metakaolin-mine tailings blended
geopolymer, the DTA curve shows only one peak in this temperature range, which has
the minimum point at 180 ◦C. Therefore, the MK presence contributed to a zeolite-like
structure formation. Another significant difference between the samples with and without
mine tailings is the appearance of the endothermic peaks above 400 ◦C.

By comparing the DSC curves of the studied samples with those of alkali-activated
geopolymers presented in [36], it can be observed that in the 20–300 ◦C temperature range,
the thermal behaviour is almost the same. Both types of materials exhibit water evaporation
from large pores and zeolitic channels, followed by its removal from hydrogels.

The first exothermic peak with the maximum point around 460 ◦C for the MTMK
sample, and around 480 ◦C for the MKCA sample, is the conversion of magnetite to
hematite [37]. Considering the provenience of the mine tailings (dams), in the same temper-
ature range, the exothermic reactions can be associated with humic acid disintegration [38].
Moreover, by heating sulfide ores such as pyrite in air atmospheres, the following chemical
reaction can occur:

4FeS2(s) + 11O2(g)→2Fe2O3(s) + 8SO2(g) (2)

The second exothermic peak appears due to the recrystallization of precipitated sul-
phate apatite at a lower temperature as a result of the transition of sulphate ions [39].
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The weight loss during heating is related to the evaporation of water from the highly
porous structure, which includes C–S–H and C–A–S–H formations that retain the activator
in a liquid state even after multiple days of ageing. At higher temperatures, the weight
loss is due to the decomposition of portlandite and other phases. Accordingly, the DTA
curves exhibit endothermic peaks at corresponding temperatures, except for the samples
with mine tailings addition which show high exothermic peaks in the range of 420–520 ◦C
and 560–590 ◦C.

According to the TGA plots (Figure 7), up to 300 ◦C, the mass loss of the CA–geo
sample was 12.7 wt.%, the mass loss of the CAMK sample was 16.2 wt.%, the mass loss of
MK–geo was 18.7 wt.%, the mass loss of MTCA was 10.5 wt.% and the mass loss of MTMK
was 14.4 wt.%. The mass change behaviour had the same trend as the first peak from the
DTA curves, i.e., the samples with high water content showed a broader peak. Moreover, by
correlating the type of raw material with the mass loss, it can be stated that the raw materials
influence the water retention in the following order: metakaolin < coal ash < mine tailings.
Therefore, this confirms that the samples with metakaolin have lower pores and channels
which retain water at high temperatures.

 

Figure 7. TGA plots of the studied geopolymers.

In the 300–600 ◦C temperature range, the mass loss was very low for the CA–geo
and MTCA samples which showed an extra decrease of 0.2 wt.%. However, in the same
temperature range, the MTMK sample showed an extra mass loss of 2.1 wt.%, CAMK
showed a loss of 2.3 wt.% and MK–geo showed a loss of 2.8 wt.%. Starting around 420 ◦C,
with a maximum peak around 460 ◦C for the MTMK sample and 480 ◦C for MKCA, an
exothermic reaction occurred. The weight gain corresponding to this oxidizing reaction was
close to 0.5 wt.% for MTMK and 0 wt.% for MTCA. Accordingly, due to oxidation, only a
small amount of oxygen remained in the sample, while other chemical elements evacuated.

4. Conclusions

This study examined the thermal behaviour and mineralogical composition of acid-
activated geopolymers. Coal ash, metakaolin, mine tailings and different mixtures of these
three aluminosilicate sources were used to synthesize silico-aluminophosphate geopoly-
mers. Based on the experimental results reported, the following conclusions are drawn:

• In the 20–300 ◦C temperature range, the geopolymers obtained with H3PO4 acid exhib-
ited similar thermal behaviour to those activated with a mix of NaOH and Na2SiO3,
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• In the 400–600 ◦C temperature range, the geopolymers with mine tailings addition
exhibited exothermic reactions, while those without mine tailings addition did not
show significant phase transition,

• Up to 600 ◦C, the total mass loss of the Ca–geo was 12.9 wt.%, 21.5 wt.% for the MK
and 18.5 wt.% for CAMK. The MT addition decreased the mass loss at 10.5 wt.% when
mixed with CA and 14.4 wt.% when mixed with MK,

• The XRD analysis confirmed the formation of the ettringite phase in the geopolymers
with MT addition and berlinite, brushite or metavariscite in those based on coal ash
or metakaolin.
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Abstract: Developing non-destructive methods (NDT) that can deliver faster and more accurate
results is an objective pursued by many researchers. The purpose of this paper is to present a
new approach in predicting the concrete compressive strength through means of ultrasonic testing
for non-destructive determination of the dynamic and static modulus of elasticity. For this study,
the dynamic Poisson’s coefficient was assigned values provided by technical literature. Using
ultra-sonic pulse velocity (UPV) the apparent density and the dynamic modulus of elasticity were
determined. The viability of the theoretical approach proposed by Salman, used for the air-dry density
determination (predicted density), was experimentally confirmed (measured density). The calculated
accuracy of the Salman method ranged between 98 and 99% for all the four groups of specimens used
in the study. Furthermore, the static modulus of elasticity was deducted through a linear relationship
between the two moduli of elasticity. Finally, the concrete compressive strength was mathematically
determined by using the previously mentioned parameters. The accuracy of the proposed method for
concrete compressive strength assessment ranged between 92 and 94%. The precision was established
with respect to the destructive testing of concrete cores. For this research, the experimental part was
performed on concrete cores extracted from different elements of different structures and divided
into four distinct groups. The high rate of accuracy in predicting the concrete compressive strength,
provided by this study, exceeds 90% with respect to the reference, and makes this method suitable
for further investigations related to both the optimization of the procedure and = the domain of
applicability (in terms of structural aspects and concrete mix design, environmental conditions, etc.).

Keywords: concrete; compressive strength; NDT; ultrasonic pulse velocity; modulus of elasticity

1. Introduction

Non-destructive testing methods (NDT) are essential tools in estimating concrete
properties (mechanical or physical). A comprehensive analysis of the mechanical properties
is useful in the process of structural optimization, as well as in terms of budget efficiency.

In the case of Reinforced Concrete (RC) structures, one of the key properties is the
compressive strength. An investigation from this point of view can provide an overview of
the structural integrity of a building. Such an analysis helps civil engineers in optimizing
the process of structural intervention by deepening the understanding of how the building
works from the structural point of view and also considering the concrete mix design and
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the associated physical, mechanical, and durability characteristics. Therefore, the interven-
tions can be targeted on those elements that have a deficient behavior, which can induce
negative effects into the structure [1–7].

Traditionally, the concrete compressive strength is determined through destructive
testing (DT) which is considered the most reliable testing, and thus been referred to as the
reference method. In DT, there are identified three possible situations:

• The samples are prepared and tested in the laboratory;
• The samples are collected on the construction site during the concrete casting, followed

by curing and testing in the laboratory;
• The concrete cores are extracted directly from the structure (specific elements) and,

after specific processing and conditioning, they are tested in the laboratory.

In the first situation, this testing is performed in order to evaluate or calibrate different
mixing sequences of concrete mixture [8,9]. The samples collected on the construction site
during the concrete casting are usually considered in cases of new buildings, to assess and
confirm the concrete class [10] or to check compressive strength at intermediate specific
terms (identity tests at 1 day, 2 days, 7 days, etc.). In the case of existing buildings, DT is
performed by extracting concrete cores from certain concrete elements, such as columns,
beams, slabs, diaphragms, etc., and then subjecting them to a compressive load until
failure [11]. The preparation of the cores is made with respect to specific regulations and
procedures in order to ensure the necessary testing accuracy [12].

According to [13,14] the analysis procedure depends on the amount of available infor-
mation regarding the existing structure to be evaluated: information about the construction
geometry, elements detailing, and material type determine the appropriate Knowledge
Level (KL) of the structure under study. There are considered to be three KLs, defined as
follows: KL1—limited, KL2—normal, and KL3—full, and to each of them is assigned a
Confidence Factor (CF): (CFKL1 = 1.35; CFKL2 = 1.20; and CFKL3 = 1.00). The confidence
factor is used as a correction factor for incomplete knowledge and level of uncertainty [11].
To reach a superior level of confidence (KL3 level, for instance), a large number of cores
must be extracted from the structure, which can cause several inconveniences such as they
can be time- and resource-consuming and also affect the structure itself due to specimens’
extraction. Furthermore, the compressive strength may vary within the same element,
due to the specific heterogeneity of concrete [15].

NDT represents a possible, viable alternative, mainly in terms of cost efficiency and
also as they are fast in delivering results. However, NDT techniques measure indicators
that are sensitive to a specific concrete property. For example, the ultrasonic pulse velocity
and rebound hammer are sensitive to mechanical properties such as the compressive
strength and porosity of concrete [16]. Another major problem pointed out by Angst [17]
is the fact that the relation between mechanical properties and measured indicators is
not constant. This is attributed to several causes, strongly connected to concrete physical
characteristics (its specific heterogeneity, the porosity, water content, aggregate maximum
dimension, etc.) and also to element exposure, measured data accuracy, and limited number
of measurements.

Over the years, several NDT methods have been developed with the main purpose of
estimating, as correctly as possible, the mechanical properties of materials and elements.
A short overview of the NDT methods used on concrete structures is presented thus:

• One of the first and most used NDTs is the visual inspection (VI) [18]. It focuses on
identifying visible pathologies in concrete such as cracks, voids, and spalling and try-
ing to understand what caused them. It is a subjective and limited method, as internal
characteristics of the structure cannot be determined, but it is also an important first
step for further evaluation, providing useful information for establishing optimum
and adequate methodologies (DT or NDT) for further investigation.

• The rebound hammer (RHS) determines the surface hardness. The main advantages
are the fact that is a simple to use method with low cost and energy. The method tests
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the concrete strength on a depth of 2–3 cm, this being the reason why it should be
combined with other methods that tests the concrete elements in depth [19].

• The radiographic testing (RT) consists of a radioactive isotope source that transmits
photons continuously through the concrete element, photons which are developed
on a radiation sensitive film. It is mainly used for visualizing interior features of an
element. There are many types of radiography that each have a specific application.
In order to detect voids, cracks, or other interior defects, gamma-ray radiography was
found to be useful [20]. This method is rarely used due to safety concerns.

• The carbonatation testing (CT) is made by spraying an exposed surface of the concrete
element with a solution containing 1% phenolphthalein. The calcium hydroxide reacts
with the solution resulting in a pink color, while the carbonated area will remain
uncolored [21].

• Infrared thermography (IT) is used in order to determine the internal voids, cracks,
or delamination by measuring the time delay before the temperature changes [22].

• The electromagnetic and radar testing (E&RT) are the most used NDT methods for the
identification of reinforcements position, diameter, and distance from the surface [23].

• The drilling resistance method (DRM) presumes estimating the concrete compressive
strength by counting the time required to drill a certain distance in the concrete element
with a constant force and rotation speed. Serkan et al. [24] proved the accuracy of
the method and presented good results when it was combined with the rebound
hammer testing.

• Ultrasonic pulse velocity (UPV) is an NDT which has been extensively investigated for
decades [25]. The method consists of measuring the transit time of an ultrasonic pulse
from a transmitter to a receiver, knowing the distance between the two transducers.
A short amount of time is needed for the ultrasonic pulse to pass through an element
result in a high velocity, meaning a compact and homogenous material. This is an
indication of the element’s strength.

The most used NDT methods, for estimating concrete compressive strength, are the
Schmidt rebound hammer, the ultrasonic pulse velocity, and the sonic rebound (SonReb)
which consists of a combination of the first two methods. Făcăoaru et al. [26] developed
and described the procedure which consists of applying some correctional factors based on
cement type and dosage, granulometry and type of aggregates, and concrete age. SonReb
has a high degree of efficiency and is still used worldwide, successfully, in estimating
concrete compressive strength. Still, one of the most important disadvantages of the method
is its requirements of mix design information regarding the evaluated concrete; in the case
of older structures this information is not always available, which may lead to unprecise
results. The viability of the method should also be verified on various types of concrete mix
design developed with different additions, waste, or by-products (mineral, rubber, plastic,
glass, etc.), which gained large diversity in recent years due to environmental protection
requirements and Circular Economy implementation [2–4].

Researchers tried to develop various relationships between the measured indicators
and the mechanical properties of concrete, by using different techniques, such as response
surface (RS) [27–34], data fusion (DF) [35–37], and artificial neural networks (ANN) [38–43].
The empirical relationships developed over the years have a different structure: linear
(LN) [40,41], polynomial (PL) [44,45], and power (PW) [46,47]. Sbartai et al. [34] report
a satisfactory level in predicting concrete properties based on ultrasonic pulse velocity,
ground penetration radar (GPR), electrical resistivity measurements, and data interpreta-
tion through the means of the response surface. However, when the data is interpreted
with the help of ANN, the results have a higher rate of predictability. Asteris et al. [40]
developed and optimized an ANN that considers the ultrasonic pulse velocity and Schmidt
rebound hammer as the input values needed in order to estimate the concrete compres-
sive strength. Based on the statistical parameters employed to evaluate the performance,
the developed ANN model proved to have high efficiency in estimating the compressive
strength, both when applied on its own database and also applied on other databases of
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different researchers. Khademi et al. [41] compared different techniques used to predict
the 28 days compressive strength of concrete. In their mentioned study, a multiple linear
regression (MLR), an artificial neural network, and adaptive neuro-fuzzy inference sys-
tem models (ANFIS) were implemented with the purpose of finding the most accurate
method of estimating concrete compressive strength. It was concluded that both ANN
and ANFIS models can predict the concrete compressive strength more accurately than
MLR, which proved to be unreliable. This is due to the fact that these models consider the
non-linear correlation between the variables used as input data. It was also concluded that
the accuracy of prediction is influenced by the number of input variables.

Breysse concluded [16] that a universal law between NDT and concrete compressive
strength does not exist, despite the fact that many authors tried to find one.

This paper aims to present a methodology in estimating the concrete compressive
strength by using ultrasonic pulse velocity as the only on-site testing method and a series
of mathematical relations connecting the UPV with the moduli of elasticity (dynamic and
static) and finally with the compressive strength.

2. Materials and Methods

2.1. The Destructive Method (DT)

This method is considered to deliver the most reliable results regarding the concrete
compressive strength and, in this study, all results are reported to this method, considered
to be the reference one. Consequently, the precision rate of the proposed method is also
established with respect to the DT, as reference base of evaluation. DT consists of extracting
concrete cores from the existing elements, cores which are then subjected to a series of
laboratory processing and conditioning after which they are subjected to compression
load until failure. The resulting compressive bearing capacity (fcar) is corrected by a series
of coefficients described in Equation (1) provided by Romanian Norm NP 137 [12], thus
resulting in the equivalent concrete compressive strength (fis).

fis = a·b·c·e·g·d·fcar (1)

where: fis—equivalent concrete compressive strength (MPa); a—coefficient that takes
into account the influence of the core diameter; b—coefficient that takes into account the
height/diameter ratio; c—coefficient that takes into account the influence of the degraded
layer; e—coefficient that takes into account the nature of the leveling layer; g—coefficient
that takes into account the humidity of the concrete core; d—coefficient that takes into
account the position and diameter of the reinforcement bars; and fcar—resulted compressive
bearing capacity (MPa).

As mentioned in the previous paragraph, destructive testing inflicts damage on the
tested element; therefore, the number of cores must be maintained to a minimum in order
to preserve the structural integrity of the element. For this reason, it is possible that the
obtained values, calculated on an insufficient number of specimens, namely extracted cores
from a designated element or assembly, do not reflect the overall value of the compressive
strength of the targeted element. Additionally, in some cases, the extraction of the concrete
core itself can prove to be difficult or even impossible to perform due to technological
conditions such as the position of the designated element in the structure, the possibility to
fix the drilling machine in order to extract the concrete core, etc.

2.2. Ultrasonic Pulse Velocity (UPV)

The ultrasonic pulse velocity was used as the on-site NDT testing method. In accor-
dance with the theory of sound propagation in solids, the velocity of the ultrasonic signal
depends on the density and elastic modulus of the material subjected to testing [48].

A calibration between compressive strength and ultrasonic pulse velocity for each
concrete sample assures enough dependability for the two indicators [49]. Naik et al. [50]
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presented a full review of the method. ultrasonic pulse velocity can be determined with
Equation (2) presented by Romanian Norm NP 137 [12].

VL = L/T (2)

where: VL—ultrasonic pulse velocity (km/s); L—path length in concrete (mm); and T—
transit time (μs).

2.3. Theoretical Considerations

Modulus of elasticity of concrete (E) is a property of concrete that estimates the
potential deformation of a structural element under service conditions [51]. The factors
influencing this property are the dosage of cement, concrete age and class, the binder
characteristics, and proportions.

The static modulus of elasticity (Es) is a fundamental parameter that is defined by the
stress–strain diagram under static loads [51] and it is generally estimated based on design
code, not on direct measurements.

The dynamic modulus of elasticity (Ed), in comparison to Es, is defined by the ratio of
stress–strain under vibratory conditions [52]. The most common techniques for determining
Ed are resonance frequency or UPV [53], but a study conducted by Luo and Bungey [54]
presented a new approach by using surface waves in order to determine Ed. For this
study, Ed was determined accordingly to Romanian Guide GE 039 [55] via UPV using
Equation (3).

Ed =
(1 + Θd)·(1 − 2·Θd)

1 − Θd
·γ
g
·V2

L (3)

where: Ed—dynamic modulus of elasticity (MPa); Θd—dynamic Poisson’s ratio; γ—air dry
density (kg/m3); g—gravitational acceleration (m/s2); and VL—ultrasonic pulse velocity
(km/s).

Romanian Guide GE 039 [55] presents a mathematical expression, Equation (4), for the
determination of the dynamic Poisson’s ratio, but for this study, the dynamic modulus
of elasticity was assumed the value presented by the technical literature [55], namely
Θd = 0.25 (for concrete preserved in the air).

Θd =
(2·n·l)2

V2
L

(4)

where: n—fundamental resonant frequency (cycles/sec); l—length of specimen (m);
and VL—ultrasonic pulse velocity (km/s).

Thereby, when considering the Θd = 0.25 the values of the function depending on the
dynamic Poisson’s ratio becomes:

f(Θd) =
(1 + Θd)·(1 − 2·Θd)

1 − Θd
= 0.83 (5)

Inserting Equation (5) in Equation (3) results the dynamic modulus of elasticity has
the following expression:

Ed = 0.83·γ
g
·V2

L (6)

Regarding the air-dry density Salman [56] and Panzera et al. [57] conducted studies to
find a linear correlation between air-dry density (γ) and UPV. In this study, Equation (7),
presented by Salman [56] was used to determine the air-dry density of concrete.

γ = 114.8·VL + 1813 (7)

where: γ—air-dry density (kg/m3) and VL—ultrasonic pulse velocity (km/s).
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In order to establish the accuracy of the proposed equation, the air-dry density of
concrete was experimentally determined. The samples were weighed and measured with
the purpose of determining the apparent volume. Comparing the mean values of air-dry
density obtained experimentally (γe) with the mean values of the predicted ones using
Equation (7) (γt), it was shown it reached a precision rate of 98%.

Furthermore, the theoretical air-dry density was used in this study as it was proven
to be efficient, thus the method remained completely non-destructive and depended only
on UPV.

Romanian Guide GE 039 [55] stipulates that the ratio between Es and Ed ranges, in gen-
eral, between 0.85–0.95. For this study, the correlation between the two moduli of elasticity
was determined by experimentally. Therefore, each modulus of elasticity (Es and Ed) was
calculated individually and then a direct link between them was established. Ed was
determined via UPV (Equation (6)) and Es was determined via DT (Equation (8)).

For determining the static modulus of elasticity, with the air-dry density deter-
mined with Equation (7) and compressive strength obtained destructively (fis) determined
with Equation (1), using the mathematical relationship presented by Noguchi et al. [51]
(Equation (8)), a static modulus of elasticity could be determined.

Es = 2.1·105·( γ

2.3
)

1.5·(fc/200)1/2 (8)

where: Es—static modulus of elasticity (MPa); fc = fis—concrete strength (MPa);
and γ = γt—concrete air-dry density determined via UPV (kg/m3).

The dynamic modulus of elasticity was mathematically calculated with Equation (6),
using the ultrasonic pulse velocity.

Comparing the values of the two moduli of elasticity, determined for each speci-
men separately, it was established a direct and linear link between them described in
Equation (9).

Es = 0.75·Ed (9)

Using Equation (9), the static modulus of elasticity can now be determined only from
the ultrasonic pulse velocity measurements and using Equation (7) the air-dry density
can be obtained through the same measurements. Therefore, in Equation (8) the only
unknown parameter remains concrete compressive strength (fc). Extracting that parameter
and rewriting Equation (8) results in a relationship (Equation (10)) where the compressive
strength value depends only on parameters that can be determined via UPV.

fc = (E2
s ·200)·[2.1·105·(γ/2.3)1.5]

2
(10)

2.4. Experimental Procedure

The study was conducted on 90 concrete cores with a diameter of 74 and 94 mm,
extracted from different elements of different structures (Figure 1). The elements include
the raft foundation, columns, beams, and reinforced concrete walls. After the extractions of
the cores, the processing was conducted in accordance with Romanian Norm NP 137 [12].
The specimens were cut at both ends with a wet diamond disk and then dry air stored
in laboratory conditions T: (21 ± 3) ◦C and RH: (50 ± 5)%, in accordance to Romanian
Norm NP 137 [12]. The core specimens were cured for five days before weighting and UPV
testing. This conditioning was performed to avoid that the humidity resulting from the
wet cutting would affect the UPV data. Figure 1 presents the concrete sample after specific
cutting and conditioning and before the destructive testing.
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Figure 1. Concrete core specimens.

The as-received state density was determined with respect to SR EN 12390-7 [58]
by specimens air-dry curing and then their measuring (diameter and height, for volume
calculation), followed by their weighting. Then, the specimens were tested via UPV with
a Tico Proceq device equipped with 54 kHz transducers (Figure 2). The coupling agent
for the transducers was Vaseline. The last step was testing destructively the specimens,
in compression. This procedure was conducted with respect to SR EN 12390-3 [59] which
stipulates the curing and the testing conditions: the recommended dimensions of the
concrete cores, the air-dry exposure, the preparation, and positioning, etc., as well as the
loading rate. The destructive testing was conducted with a hydraulic press at a loading
rate of 0.6 MPa/s.

Figure 2. UPV testing.

Figure 3 presents the flowchart of the proposed method, consisting of the sequence
of the major considered steps, in terms of experimental testing (black curve contour) and
the corresponding parameters (light blue contour) determined by using the previously
collected data.

Figure 3. Flowchart of the presented method.
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3. Results and Discussions

3.1. Proposed Method Compared to DT

For a more accessible interpretation of the results, the core specimens were divided
into four groups. The considered division criterion is the value of compressive strength
(fis) determined via the Destructive Method, as follows:

• Group 1 [15–20) MPa: fis ranges from 15 to 20 Mpa;
• Group 2 [20–25) Mpa: fis ranges from 20 to 25 Mpa;
• Group 3 [25–30) Mpa: fis ranges from 25 to 30 Mpa;
• Group 4 ≥ 30 MPa: fis exceeds 30 MPa.

The theoretical methods for assessing the concrete air-dry density and compressive
strength, for the four considered groups of specimens, were statistically evaluated with
respect to the experimental and reference procedures, in terms of coefficient of variation
(CoV), and also the accuracy (Ac).

CoV is defined by Everitt [60] by the means of Equation (11), as the ratio between the
standard deviation (σ) and the mean value (μ) of the group of specimens where applied.

CoV =
σ

μ
(11)

where: CoV—coefficient of variation (%); σ—standard deviation; and μ—mean value.
The air-dry density and compressive strength (measured and predicted) were also

analyzed in terms of accuracy, defined in accordance with ISO 5725-1 [61] as the ratio
between the predicted value (result of the proposed method) and the “true” value, provided
by the reference method. Accuracy was calculated by the use of Equation (12).

Ac =
Predicted value
Measured value

·100 (12)

where: Ac—accuracy (%).
Table 1 presents the air-dry density values for each of the four specimen groups,

determined by using both methods: the experimental method, (comprises specimens’
measurement and weighing) and the Salman theoretical method (based on UPV individual
values) [56]. The accuracy was calculated by using as input data the mean values recorded
for each of the four groups of core specimens.

Table 1. Air-dry density.

Density (kg/m3)

Measured Density (γe) Predicted Density (γt) Accuracy
(%)Min Mean Max CoV (%) Min Mean Max CoV (%)

Group 1
[15–20) MPa 2149 2237 2319 1.7 2215 2236 2254 0.4 99

Group 2
[20–25) MPa 2210 2300 2384 2.1 2241 2263 2286 0.5 98

Group 3
[25–30) MPa 2221 2317 2411 2.7 2259 2286 2347 0.8 98

Group 4
≥30 MPa 2256 2312 2365 1.3 2281 2308 2322 0.6 99

Figures 4 and 5 present a graphical representation of the mean values and accuracy
of measured and predicted density. With an accuracy ranging between 98% and 99%,
the theoretical Salman method [56] for determining the density via UPV testing proves
to be a viable approach. This conclusion is also supported by the CoV values, ranging
from 1.3% to 2.7% for the reference method (experimental measurements) and presenting
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a more compact range of smaller CoV values, from 0.4% to 0.8%, for the theoretical,
Salman approach.

 

Figure 4. Air-dry density, mean values.

 

Figure 5. Air-dry density, the accuracy of the NDT method with respect to the reference.

Table 2 presents the results of compressive strength for each of the four core groups,
determined by both methods: the proposed method (UPV testing and interpretation via
moduli of elasticity) and the reference, destructive testing.
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Table 2. Compressive strength.

Compressive Strength (MPa)

DT Compressive Strength (fis) NDT Compressive Strength (fc) Accuracy
(%)Min Mean Max CoV (%) Min Mean Max CoV (%)

Group 1
[15–20) MPa 15.8 17.9 20.0 6.8 15.1 18.4 21.6 8.9 94

Group 2
[20–25) MPa 18.3 22.6 25.0 7.1 19.1 23.2 27.9 9.6 93

Group 3
[25–30) MPa 25.1 27.4 29.6 4.7 22.4 27.4 30.7 7.7 94

Group 4
≥30 MPa 30.2 33.0 38.9 6.3 26.9 33.3 37.0 10 94

In terms of compressive strength, which is the main focus of the study, a graphical
representation of the mean values and accuracy for each of the four groups is presented in
Figures 6 and 7. The specimens sorting into four distinct groups function of the compressive
strength, as previously specified, was considered proper for a better understanding of the
phenomenon and to facilitate the data processing and the scattering of results. The wide
range of values for the DT compressive strength (fis) can be noted, with a minimum of
15.8 MPa and a maximum of 38.9 MPa. Additionally, the corresponding values for the NDT
testing (fc) range from 15.1 MPa to 37.0 MPa (Table 2).

 

Figure 6. Compressive strength, mean values.

The accuracy of the proposed method for compressive strength determination via UPV
and moduli of elasticity was also calculated using Equation (12), with respect to the mean
values for each of the four groups of core specimens, presented in Table 2. The obtained
results proved to be satisfactory, as the variation is very small with respect to the DT,
regardless of the wide range of values. This conclusion is also supported by the CoV values
(Table 2), ranging from 4.7 to 6.8% for the reference method and offering a similar compact
range of values from 7.7 to 10% for the proposed method.
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Figure 7. Compressive strength, the accuracy of the proposed method related to the reference.

Furthermore, when analyzing each group, it can be noticed that for groups 1, 2, and 4,
the theoretical compressive strength, evaluated via the proposed method, tends to be a
little overestimated with respect to the reference (2.8, 2.7 and 0.9%, respectively), while in
the third group there is a clear match of the values.

Figure 7 graphically presents the accuracy evaluation, in terms of mean values. It can
be noticed that the values are ranging from 93 to 94%.

As presented in Figure 7, the precision of this method in terms of Ac reaches 93% for
the first two groups, 94% for the third group, and 92% for the fourth group. Considering
all the values, the mean value of the precision is up to 93%.

Figure 8 presents a graphical representation of the correlation between experimentally
determined compressive strength (fis) and predicted compressive strength (fc) is presented.

 

Figure 8. Correlation between experimental and calculated compressive strength.
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A good correlation is achieved between the two sets of values. The coefficient of
determination r2, which is a statistical indicator of the quality of the theoretical model, is in
this case equal to 0.78.

3.2. Proposed Method and SonReb Method Compared to Destructive Method

For a better validation of the proposed method, the obtained results are compared
to both the SonReb method and the DT. For the SonReb method, six structural elements
(columns) were investigated on-site by using ultrasonic pulse velocity and Rebound Ham-
mer Schmidt. Each element was tested in three sections, with five UPV and nine RHS
measurements/section. In Table 3, the resulting mean values of the UPV, RHS, and com-
pressive strength from each method are presented.

Table 3. The results obtained from each presented method.

Element
Mean UPV

(km/s)
Mean RHS

(div)

Mean Concrete Compressive Strength

Proposed
Method

SonReb
Method

Destructive
Method

Column 1 4.324 40 26.1 25.7 26.7
Column 2 4.142 37 28.6 21.8 27.7
Column 3 3.985 38 24.7 19.7 22.5
Column 4 3.716 41 18.9 17.4 17.7
Column 5 3.632 35 17.3 11.4 17.4
Column 6 3.758 35 19.7 12.9 20.0

A graphical representation of the accuracy is presented in Figure 9, namely a compar-
ative analysis between the proposed method vs. SonReb method, both of them evaluated
with respect to the reference, namely, the destructive method.

 

Figure 9. Graphical representation of the accuracy evaluation of each method, proposed and SonReb
method, with respect to the reference method (destructive testing).

For the six elements investigated through both NDT methods, the precision rate in the
case of the proposed method reaches up to 96%, while in the case of the SonReb method
the precision reaches up to 82%.

4. Conclusions

The aim of this paper is to present the results obtained by combining the on-site
measurements of UPV and theoretical interpretation using a set of equations developed by
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different researchers linking the values of ultrasonic pulse velocity to the dynamic modulus
of elasticity, static modulus of elasticity, and finally concrete compressive strength.

Estimating concrete compressive strength through this method delivered results with
high accuracy, which, in this case, ranged between 84 and 100%. It can be noticed that
the high level of accuracy remains the same regardless of the range value of compressive
strength, which in this study is between 15.8 and 38.9 MPa. Additionally, the coefficient
of variation (CoV) shows reduced values, ranging along compact intervals, both for the
dry-air density evaluation (from 0.4 to 0.8%, for the theoretical, Salman approach) and also
for the compressive strength evaluation (from 7.7 to 10%, for proposed method). Further
investigations will also consider the methodology and statistical approach proposed by
Breysse et al. [62].

As this method relies only on UPV measurements, the on-site surface preparation and
testing process must be performed with a high level of precision; otherwise, the results will
have a higher level of uncertainty.

In contrast to the SonReb method, the proposed one has the advantage, so far, that
there is no requirement of information about the classical concrete mix design such as
cement type and dosage, granulometry, and nature of aggregates. This information is often
difficult to obtain, especially in the case of buildings where the concrete mix was produced
on-site with no known recipe. In the SonReb method, not knowing these parameters correct
can lead to errors up to ±30%. In this case, although the concrete mix design was known,
hence all the coefficients were correctly assumed, the accuracy of the SonReb method had a
lower value than the proposed method on each analyzed concrete column when compared
to DT.

The current results are clearly encouraging, offering new research perspective for
method optimization and further confirmation to prove its viability, especially in terms
of concrete mix design diversity, which has experienced an exponential growth in the last
decades. The single and multiple additions in concrete compositions, waste, or by-products
generated by the industry, may induce concrete hardened state changes which lead to
complex investigation in terms of overall behavior, NDT included. A preliminary approach
on this area represents the on-going study of the current research.
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Abstract: Underwater concrete is a cohesive self-consolidated concrete used for concreting underwa-
ter structures such as bridge piers. Conventional concrete used anti-washout admixture (AWA) to
form a high-viscosity underwater concrete to minimise the dispersion of concrete material into the
surrounding water. The reduction of quality for conventional concrete is mainly due to the washing
out of cement and fine particles upon casting in the water. This research focused on the detailed
investigations into the setting time, washout effect, compressive strength, and chemical composition
analysis of alkali-activated fly ash (AAFA) paste through underwater placement in seawater and
freshwater. Class C fly ash as source materials, sodium silicate, and sodium hydroxide solution as
alkaline activator were used for this study. Specimens produced through underwater placement in
seawater showed impressive performance with strength 71.10 MPa on 28 days. According to the
Standard of the Japan Society of Civil Engineers (JSCE), the strength of specimens for underwater
placement must not be lower than 80% of the specimen’s strength prepared in dry conditions. As
result, the AAFA specimens only showed 12.11% reduction in strength compared to the specimen
prepared in dry conditions, thus proving that AAFA paste has high potential to be applied in seawater
and freshwater applications.

Keywords: alkali-activated; underwater placement; class C fly ash; seawater; fresh water

1. Introduction

The construction of structures involving concrete underwater placement usually
require additional considerations due to its unique circumstances. Typically, the effective
placement of conventional concrete mixture underwater depends on two main factors: the
mix design of concrete itself and placement method during concreting [1,2]. For the mix
design of concrete, additions of anti-washout admixtures (AWA) and viscosity-modifying
admixtures (VMAs) are necessary for conventional concrete to minimise the washout
effect and the ability to self-consolidate during the underwater placement [3–5]. Concrete
resistance against washout can also be improved using mineral admixture with high
fineness. The most used mineral admixture includes silica fume, ground granulated blast
furnace slag (GGBS) and fly ash (FA) [2,6]. Heniegal [7] confirmed that the inclusion of
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fly ash and silica fume with the addition of limestone or bentonite powder improved the
flowing properties of conventional concrete and minimised the washout effect.

Past researchers had also investigated the use of seawater as replacement for water in
ordinary Portland cement (OPC) concrete. The justification for using seawater in concrete
is for offshore structures where it involves underwater concreting. According to Wang
et al. [8] it is possible to mix seawater with cement where the early strength increased
due to the existence of Cl− and Na+ ions. Specimens with low water/cement (w/c) ratio
showed more significant early strength development. For 28 days strength, it also showed
an increment about 10% compared to specimen produced with fresh water but it induced
corrosion on the rebars [9].

Meanwhile for the placement method, the concreting process can be made using
Tremie pipe for mass concrete. This method required steel pipe with a hopper attached to
the upper end and injectable plug on the bottom of pipe. The pipe is immersed in water
and when the pipe is full of concrete, its bottom is opened for the concreting process. Using
this technique, a hydro crane is required to lift the Tremie pipe after finishing concrete
placement and the bottom of the pipe need to be kept in the fresh concrete during the
process to avoid washout effect [2]. For a small concrete placement underwater, the skip
and toggle bag methods are most suitable [1]. The concrete is filled up into different sized
buckets, where the top covers are sealed to prevent water infiltration during the lowering
process of the concrete placement. The bottom door of the bucket is slowly opened during
concreting to allow free flowing of the concrete.

Moreover, for underwater concrete mostly refer to the Standard by Japan Society of
Civil Engineers (JSCE). This standard stated that the w/c ratio should be in range 0.50
to 0.55 when placing reinforced concrete in seawater and fresh water [10]. The w/c ratio
can be increased up to 0.60 and 0.65 when concreting for non-reinforced concrete. For the
strength of hardened concrete through underwater placement, JSCE standards required
the compressive strength of specimens attain a minimum of 80% strength with respect to
specimen cast in dry conditions [2,10].

The manufacturing of ordinary Portland cement (OPC) consumes a lot of natural
resources, is energy intensive and contributed to carbon dioxide (CO2) emission to the
atmosphere [11]. It was estimated that 7% of CO2 emission comes from the OPC indus-
try [12], which is about 1.35 billion tons per annum. This is a serious environmental concern,
and research endeavours involve finding a suitable alternative binder to replace OPC in
concrete. The literature [13] refers to the work of Davidovits that found geopolymer in 1978
which also known as amorphous alkali aluminosilicate, and are sometimes referred to as
inorganic polymers, geocements, or alkali-activated cements. This new alternative binder
is produced by activating source materials with alkaline activators, and its classification
is dictated by the content of silica, aluminium, and calcium. If the source materials are
made up of mainly silica and aluminium (Class F fly ash, metakaolin, or some natural
pozzolan), its final product is the sodium aluminosilicate hydrate (N-A-S-H) backbone of
the geopolymer [14]. If the source materials are made up of calcium, aluminium, and silica
(Class C fly ash and slag), then the main product after hardening is calcium silicate hydrate
(C-S-H) or calcium alumino silicate hydrate (C-A-S-H), which also can be described as
alkali-activated materials (AAM) [15].

Fly ash is an industrial waste material that is ubiquitous due to the increasing demand
for energy, which is met by increasing coal-fired power plant’s usage. The world coal
production is expected to rise between 2006 and 2030 by almost 60%, with volumes output
to 7011 Mtce by 2030 [16–19]. The management of fly ash disposal is always concerned
by environmentalist since only 20–30% of the generated fly ash is reused whereas the
rest was disposed either in landfills or ponds [17,18]. Therefore, the use of fly ash as
aluminosilicates sources in AAM production is a waste-to-health approach that could also
mitigate environmental concerns.

The parameters that influence the properties of AAM have been intensively investi-
gated [19–25], and AAM are known to be resistant against aggressive ions, freeze-thaw
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resistance, have high early and long-term strength, and excellent fire resistance [13,26–30].
The main issue of using conventional concrete for underwater structure is its resistance
to washout. Concrete resistance to washout depends on the content of fine fraction in the
binder, water cement ratio, and cement content. Concrete resistance to washout depends
on the content of fine fractions in the binder, water cement ratio, and cement. Previous
studies are mainly focused on underwater concrete placement using OPC as a binder and
addition of special admixture for construction offshore structures such as bridge piers, but
studies involving the application of AAM for underwater concreting remain scarce. The
current study investigated the performance of alkali-activated fly ash (AAFA) paste through
underwater placement in seawater and freshwater (river water and lake water). The com-
pressive strength, changes in pH, X-ray fluorescence (XRF) and Field Emission Scanning
Electron Microscope coupled with Energy Dispersive X-ray spectroscopy (FESEM-EDS)
are analysed, respectively.

2. Materials and Methods

2.1. Materials

In this study, fly ash was used as source materials for AAM which is supplied by
Cement Industries of Malaysia Berhad (CIMA), Perlis, Malaysia. Noted that the major
elements in fly ash are silica (SiO2), alumina (Al2O3), ferum (Fe2O3) and calcium (CaO).
According to the American Society for Testing Materials (ASTM C618), the ash containing
more than 70 wt.% of SiO2, Al2O3, Fe2O3, and low CaO is considered to be Class F; while
that with total of SiO2, Al2O3, and Fe2O3 ranging within 50–70 wt.% defined Class C.
Due to the relatively high calcium content (22.30%), the fly ash used in this experiment is
classified as Class C according to the ASTM C618 [31].

Waterglass or sodium silicate solution was supplied by South Pacific Chemical Indus-
tries Sdn. Bhd. (SPCI), Malaysia. The waterglass consists of 30.1% SiO2, 9.4% Na2O and
60.5% H2O (modulus SiO2/Na2O = 3.2). Its specific gravity and viscosity are 1.4 g/cm3

and 0.4 Pas, respectively.
Sodium hydroxide (NaOH) powder brand Formosoda-P from Taipei, Taiwan with

99% purity was used. The desired concentration of NaOH solution was prepared 24 h
before experiments by diluting NaOH powder with distilled water. The activator solution
was prepared by mixing waterglass and NaOH solution at a ratio of 2.5.

2.2. Collection of Water Samples

In this study, the seawater, river water, and lake water samples are collected around
Perlis, Malaysia. The water collected was left in the laboratory to allow the impurities to
precipitate at the container’s bottom. Later, the water was transferred to a plastic tank via
infiltration and the pH value for each type of water was recorded.

2.3. Specimens Preparation

The concentration of NaOH solution is fixed at 12 M [32], the ratio of waterglass-to-
NaOH and ratio fly ash-to-alkaline activator fixed at 2.0 and 2.5 respectively [22]. The
details of mix design are summarized in Table 1. The fly ash and alkaline activator were
mixed and stirred for 5 min using a mechanical mixer. Then the fresh AAFA paste poured
into the 50 mm × 50 mm × 50 mm [33] moulds that already placed in a container with sea-
water, river water, and lake water as shown in Figure 1. The AAFA specimens were left in
the container for 3, 7, and 28 days, respectively. The pH level and temperature of the water
before and after the placement of AAFA paste were recorded. For the control specimens,
the AAFA paste was prepared in dry conditions (without underwater placement).
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Table 1. Mix design for AAFA paste.

Parameter Indicator

Ratio fly ash/alkaline activator 2
Ratio waterglass/NaOH 2.5

Mass of fly ash (wt.%) 66.7
Mass of NaOH solution (wt.%) 9.6

Mass of sodium silicate solution (wt.%) 23.8

 

Figure 1. AAFA paste poured into mould in seawater.

2.4. Testing and Analysis Methods

The setting time of AAFA paste through underwater placement was measured using
the Vicat test [33]. The test was conducted at room temperature using the Vicat apparatus,
where the mould was placed beneath the water level. The initial setting and final setting
time of the AAFA paste were recorded.

The specimen’s compressive strength was determined based on ASTM C109 [34]
using Instron 5582 Mechanical Tester (Instron, Massachusetts, United States America).
A minimum of three specimens was tested for each mix design, and the average results
recorded. Total of all 108 specimens were produced for this testing. The AAFA were
tested on 3rd days, 7th days, and 28th days for both the control specimens and specimens
cast underwater.

The chemical composition of the AAFA paste after going through underwater place-
ment and dry condition is determined using X-ray fluorescence (XRF). XRF was conducted
using the PA Nanalytic PW 4030, MiniPAL 4 (Malvern Panalytical, Malvern, United King-
dom) X-ray fluorescence spectrometer. After 28 days placement in various water types, the
specimens were crushed to a powder form for analyses.

A JSM-7001F (JEOL, Tokyo, Japan) model of Field Emission Scanning Electron equipped
with energy dispersive spectroscopy (EDS) was used to image the AAFA’s morphology
and determine its elemental composition after underwater placement. The specimens were
cut into small pieces and coated with carbon using Auto Fine Coater (JEOL, Tokyo, Japan).
The images were observed with accelerating voltage of 15 kV for all specimens.

3. Results and Discussion

3.1. pH Value and Temperature of Water

The water’s pH value and temperature before and after underwater placement of the
AAFA are illustrated in Figures 2 and 3. The seawater’s original pH is 7.5, while the river
water and lake water pH value are 7.4. All types of water recorded an increment in value
when the AAFA paste was placed into the tanks. The seawater’s pH value recorded the
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lowest increment of 0.6, while the highest increment was 1.8 from the lake water. From the
underwater placement of AAFA paste, there is washout effect with the increment in the
surrounding water’s pH value. However, visible changes in the pH are evident, probably
due to the smaller tank (275 mm length × 160 mm width × 160 mm depth) used during
underwater placement of the AAFA specimens.

 

Figure 2. Effect on pH value for different type of water due to placement of the AAFA paste.

 

Figure 3. Effect on temperature when casting the AAFA in water.

The temperature for all types of water increased when the AAFA paste was placed
into the tanks, proving that the AAFA reaction is exothermic, as heat is released during
the hardening process, which increased the temperature of the water. Temperature in-
crement in the seawater and river water was 2.5 ◦C, while lake water had a temperature
increment of 2.6 ◦C. Previous researchers reported that the reaction between the source
materials and alkaline activator is an exothermic reaction when the AAFA is cured at high
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temperature [33–37]. However, it was observed in this study that even though the AAFA
paste was placed in water, heat release can still be detected.

3.2. Setting Time

The setting time of cement or binder occurred when it loses its plasticity and slowly
formed into hard rock type material. The initial setting time can be defined as the time
taken by the paste to start stiffening; whereas the final setting time is when the paste begins
to harden and able to carry some loads. The initial and final setting times for the AAFA
paste through underwater placement in various water types are shown in Table 2. For the
initial setting time, the AAFA specimens placed in seawater were recorded at the fastest
time of 26 min, while the river water specimens recorded with the longest time of 30 min.
For final setting time, the specimens in seawater and lake water recorded the same value
of 35 min and for river water it recorded 37 min. The final setting time of Class C fly ash
in dry condition (room temperature) is usually between 1–2 h, depending on the content
of calcium (CaO) [38]. For the current study, the initial and final setting time of the AAFA
specimens casted in dry condition reported 31 min and 40 min, respectively. This finding in
agreement with past research where it was found that Class C fly ash recorded initial and
final setting times of 32.15 min and 60.00 min for specimens casted in dry condition [39].
Source materials rich in Ca content have quick setting time in dry condition due to the
higher dissolution rate of Ca2+ compared to Si4+ and Al3+. The reaction product of the
source materials rich in calcium is expected to form of Ca-rich phases that will develop
the fundamental skeleton of the AAFA network. According to previous research, reaction
products such as calcium silicate hydrate (C-S-H), calcium aluminate silicate hydrate (C-
A-S-H) and sodium calcium aluminate silicate hydrate (N, C-A-S-H) are expected to be
present in Ca-rich phase [40].

Table 2. Setting time of AAFA cast underwater.

Types of Water
Setting Times (minutes)

Initial Final

Dry Condition 31 ± 0.5 40 ± 0.5
Seawater 26 ± 0.5 35 ± 0.5

River Water 30 ± 0.5 37 ± 0.5
Lake Water 28 ± 0.5 35 ± 0.5

The quick setting time for underwater placement of the AAFA in seawater is due to Cl−
ions which react with cations in the AAFA paste such as Na+ and Ca2+. The formation of
calcium chloride (CaCl2) is widely known as an accelerator for early strength development
as well as a minimiser for the setting time [41]. Additionally, during underwater placement
of the AAFA specimens, the existence of water helps to improve the properties of AAFA.
According to Duxson et al. [42], water helps accelerate Si and Al dissolution process
from the source materials by providing discontinuous gel nanopores to the paste, hence
improved its performance. For practical application, it is suggested to use the retarding
admixture to control the setting time, as it can delay the setting time and keep the AAFA
concrete workable throughout the placing process.

3.3. Compressive Strength

The compressive strength of the AAFA specimens through underwater placement
was evaluated on 3rd, 7th, and 28th days. All specimens displayed increment in strength
with respect to aging days as per Figure 4. The AAFA specimens cast in seawater displayed
the highest compressive strength for all the aging days; for example, on 3rd days, the
AAFA specimens reported a strength of 36.8 MPa. Meanwhile, the lowest compressive
strength was found in the specimens cast in river water with strength 34.6 MPa on 3rd days.
For control specimens (dry condition), the compressive strength on 3rd days is 79.1 MPa.
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The specimens cast in seawater recorded a decrease in their compressive strength by 54%
compared to the specimens cast in dry condition for 3rd days of testing.

The compressive strength of the AAFA specimens cast in seawater was reported to be
46.0MPa on the 7th days, whereas its dry counterpart has a reported strength of 79.9 MPa.
This translates to a 20% strength increment in the AAFA specimens cast in seawater from
day 3 to day 7. However, the strength increment from day 7 to day 28 was even higher,
which is 55%. In contrast, the 28 day’s strength of the specimens cast in dry condition
was found to be 80.9 MPa, indicating that it has a lower strength increment. According
to Kumar et al. [43], the increment of strength with respect to time can be attributed to
calcium silicate hydrate (C-S-H) formation. Further discussion about the reaction product
will be provided in Section 3.4.

 

Figure 4. Compressive strength of AAFA paste cast in water.

The AAFA cast in dry condition exhibited almost complete strength development
within 3 days, as the strength increment from 3rd days to 28th days testing was only
2%. For the AAFA cast in water, the strength slowly increased from 3rd days to 28th
days for all water types. In the case of the 28-day strength, the AAFA specimens cast in
seawater recorded a strength decrease by 12% relative to the specimen cast in dry condition,
implying that the AAFA can be used for constructing a structure in water due to its
impressive strength. Normally, conventional concrete (ordinary Portland cement) requires
anti-washout admixture (AWA) and high range water reducer admixture (HRWR) before
it can be used as binder materials in construction, especially for underwater structures.
However, using AAFA only requires materials rich in silica and alumina, as well as alkaline
activator. Additionally, the raw materials used in this case (silica and alumina sources) are
waste materials, which falls in line with green technology promotion.

3.4. Chemical Composition Analysis

The chemical composition of control and AAFA specimens placed in different types of
water is presented in Table 3. All the AAFA paste showed an increment in SiO2 content
due to the reaction of the fly ash with waterglass (Na2SiO3). Meanwhile the content of
Al2O3 showed a reduction in AAFA paste relative to the raw fly ash. This is due to the par-
ticipation of Al2O3 in setting time of the AAFA via acceleration of the condensation of the
AAFA product formation [44,45]. The content of Fe2O3 also increased in the AAFA paste,
especially those cast in dry condition, hence contributing to the maximum compressive
strength. It was suggested that Fe3+ contributed to the formation of AAFA network due
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to the similar charge and ionic radius with Al3+ [46,47]. However, the increment of most
chemical composition between different specimens is almost similar, which is related to
the compressive strength. The compressive strength of the AAFA depends on a few factors
such as the formation of reaction products, distribution of Si-Al ratio, calcium content, and
the surface reaction between the unreacted Si-Al particles [48,49].

Table 3. Comparison of chemical composition for all specimens.

AAFA Paste (wt. %)

Composition Fly Ash Dry Condition Seawater River Water Lake Water

SiO2 30.80 34.30 34.60 34.20 34.00
Al2O3 13.10 10.60 10.80 10.70 10.70
CaO 22.30 21.50 22.00 21.20 21.20

Fe2O3 22.99 24.75 24.38 23.64 23.47
MgO 4.00 3.10 3.10 3.00 3.20
TiO2 0.89 0.94 0.93 0.88 0.88
K2O 1.60 1.43 1.42 1.30 1.33
SO3 2.67 2.02 1.20 0.93 0.91

MnO 0.21 0.22 0.22 0.21 0.20
Si/Al ratio 2.35 3.24 3.20 3.20 3.18
Ca/Si ratio 0.72 0.63 0.64 0.62 0.62
Fe/Si ratio 0.75 0.72 0.70 0.69 0.69

Strength (MPa) - 80.9 71.1 63.7 69.5

The molar ratio of Si/Al, Ca/Si, and Fe/Si of raw fly ash and the AAFA paste was
calculated based on the result from XRF. For the ratio of Si/Al, the compressive strength
increased when the Si/Al ratio increased due to the formation of Si-O-Si bonds. The
maximum ratio of Si/Al is contributed by the AAFA specimens cast in dry condition.
Nevertheless, the ratios between the specimens do not differ much.

The Ca/Si ratio for the source materials rich in Ca content is also linked with the
compressive strength of the AAFA. The Ca/Si is responsible for the formation of C-S-H, and
according to Timakul et al. [50], the compressive strength increased alongside the Ca/Si
ratio. However, in this study, the ratio of Ca/Si is almost similar (~0.64–0.63) between the
AAFA specimens cast in dry condition and seawater, which resulted in less of a difference
in terms of compressive strength. For the AAFA cast in river water and lake water, the ratio
of Ca/Si is similar (Ca/Si~0.62). Additionally, the formation of C-S-H, as AAFA reaction
product and/or as OPC hydration product is entirely different. For the formation of C-S-H
as hydration of OPC, the ratio of Ca/Si is in the range of 1.2 to 2.3, which is much higher
relative to the AAFA [51,52]. The ratio of Fe/Si also plays essential role in forming the
reaction product of the AAFA. The specimens’ compressive strength increased when the
ratio of Fe/Si increased due to the formation of ferro-sialate-siloxo and/or ferro-sialate-
disiloxo poly. The XRF result indicated that iron oxide is involved in the forming of the
AAFA network and contributed to the AAFA’s strength.

3.5. Microstructure and Elemental Composition of Reaction Products

The morphology image of fly ash shown spheres particles shapes with smooth surface
and various sizes of particles as in Figure 5. Figures 6–9 show the microstructure and EDS
of the specimens at three selected spots (represented by the spectrum numbers) in the
matrix. Elements such as Si, Na, Fe, Al, Ca, and O were identified in the AAFA matrix for
each specimen. The selected spot for each specimen is often different, which means that
the EDS elemental composition is incomparable between each specimen.
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Figure 5. Morphology of fly ash.

 
(a) 

 
(b) 

Figure 6. (a) Morphology of AAFA specimens cast in dry condition. (b) EDS for AAFA specimens
cast in dry condition.
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(a) 

 
(b) 

Figure 7. (a) Morphology of AAFA specimens cast in seawater. (b) EDS for AAFA specimens cast in
seawater.

 
(a) 

Figure 8. Cont.
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(b) 

Figure 8. (a) Morphology of AAFA specimens cast in river water. (b) EDS for AAFA cast in river water.

For the AAFA specimens casted in the dry condition as in Figure 6a, the present of
unreacted fly ash still detected on the specimen. For the elemental composition of spectrum
15 is occupied by Si, Al, and Fe, with Ca and Na less than 5 wt.%. Referring to the FESEM
images, spectrum 15 showed the particle shapes of fly ash. It can therefore be surmised
that the unreacted fly ash contributed to the strength increment with respect to the aging
period due to the complex reaction between the surfaces of the particles via bonding
strength [53–57]. Meanwhile, the elemental composition in spectrum 16 majorly consists
of Si, but for spectrum 17 is dominated by Si, Ca, Na, and Al as in Figure 6b. It can be
hypothesised that these elemental compositions represent the reaction product of C-A-S-H
and C-S-H due to the high content of Ca in the source material (fly ash).

Figure 7a shows the specimen cast in seawater where unreacted and partially reacted
fly ash were detected. Through EDS analysis spectrum 1 is dominated mostly by Si with
Na, Al, Ca, and Fe less than 5 wt.%. Spectrum 3 is dominated by Ca, Na, and Si, which
indicate the formation of C-S-H. Additionally, spectrum 4 show high concentration of Si
and Al as in Figure 7b which represent unreacted fly ash.

The unreacted fly ash remains present between AAFA matrix as confirmed by the
FESEM image in Figure 8a. The AAFA specimen’s elemental compositions cast in river
water (Figure 8b) are represented by spectrum 27, 28, and 29. From the three different spots,
the Ca and Si are predominant indicating the existing of calcium silicate hydrate (C-S-H).

The microstructure of specimens cast in lake water (Figure 9a) showed micro-crack
and it is believed to be due to sample preparation for FESEM. For spectrum 54, it is
dominated by Ca, Na, and Si, which signifying the formation of C-S-H. However, spectrum
55 is mostly dominated by Ca, Si, Al, Fe and by referring to Figure 9b, the location of this
spectrum is on spherical shape of fly ash. The elemental composition of spectrum 56 is
predominated by Si, Al, and Fe.
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(a) 

 
(b) 

Figure 9. (a) Morphology of AAFA specimens cast in lake water. (b) EDS for AAFA specimens cast
in lake water.

In Section 3.4, C-S-H presence is confirmed via XRF analysis due to the increment in Ca
and Si content. Additionally, the same finding also noted in EDS analysis where the C-S-H
supported the compressive strength by acting as a micro-aggregate in the AAFA which
produced denser AAFA matrix. The formation of C-S-H started from dissolution of Ca from
the source material where some of the Ca will precipitate in the form of calcium hydroxide
(Ca(OH)2) and C-S-H. Likewise, Si species also favourably to react with dissolved Ca rather
than polymerise with soluble Al [58,59]. Hence, the presence of excessive Al will force
out from Ca-rich area into the AAFA network. Past research also found that C-S-H gel
contribute to the strength development at later age such as at 28th days [57,58].

Through EDS analysis, the existence of Fe was noticeable from all specimens and
was reconfirmed by the XRF result. The high percentage of Fe in AAFA network due
to involvement as substitution for Al, which leads to formation ferro-sialate-siloxo and
ferro-sialate-disiloxo poly binders where Ca2+ and Na+ act as charge-balancing cations [57].
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4. Conclusions

The use of concrete for underwater placement is a significant challenge due to washout
effect as well as the presence of various ions in the water which can influence the properties
of concrete. The present study analysed the strength, changes in water pH, and AAFA
setting time when go through underwater placement in seawater and freshwater. The
chemical composition of AAFA paste is analysed using XRF and EDS. The AAFA can be
used as binder for underwater concrete without the addition of anti-washout admixture
(AWA). The maximum compressive strength of 71.10 MPa was obtained from the specimens
cast in seawater on 28th days. It demonstrates 12.11% of strength reduction compared to
specimens cast in dry condition and according to JSCE standard, the AAFA specimens
are qualified to use for underwater casting. It was found that the presence of Cl- ions in
seawater leads to formation of calcium chloride (CaCl2) which acts as accelerator for early
setting time and strength development.
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