Barbhuiya et al. Discover Concrete and Cement (2025) 1:14 Discover Concrete and Cement
https://doi.org/10.1007/544416-025-00013-9

REVIEW Open Access

Rice husk ash in structural concrete: influence

Check for
updates

on strength, durability and sustainability

Salim Barbhuiya"”, Bibhuti Bhusan Das?, Dibyendu Adak®, Aditya Rajput® and Vasudha Katare®

*Correspondence:

Salim Barbhuiya
s.barbhuiya@uel.ac.uk

'University of East London, London,
UK

NIT Karnataka, Surathkal, India
3NIT Meghalaya, Shillong, India

“lIT Ropar, Rupnagar, India
5N\TV\/aranga\,VVarangaI, India

@ Discover

Abstract

In this comprehensive review, the utilisation of rice husk ash (RHA) in concrete

is examined. The paper discusses various aspects including the properties and
composition of RHA, its incorporation in concrete as a partial replacement

for cement and its impact on the fresh and hardened properties of concrete.
Furthermore, the review investigates the potential of RHA as a supplementary
cementitious material and its influence on cementitious systems. Applications in
both structural and non-structural contexts are presented, while also addressing the
challenges and limitations associated with the use of RHA. The review concludes
by highlighting future perspectives and research opportunities in this area. Overall,
this comprehensive review provides valuable insights into the utilisation of RHA in
concrete, showcasing its potential for enhancing performance and contributing to
sustainability efforts.
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1 Introduction

Rice husk ash (RHA) is a by-product obtained from burning rice husks during the rice
milling process. It is an abundant and readily available waste material that can be effec-
tively utilised in concrete production. By repurposing this agricultural waste, the con-
struction industry can reduce waste generation and contribute to sustainable practices.
One of the primary advantages of RHA is its pozzolanic activity, which contributes to
the formation of cementitious compounds that enhance the strength and durability of
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concrete [1-3]. This reaction is discussed in more detail in later sections. The pozzolanic
activity of RHA contributes to the development of a denser and more compact concrete
matrix, leading to improved mechanical properties [4].

The inclusion of RHA in concrete has been found to enhance its compressive strength,
flexural strength and split tensile strength [5-7]. The pozzolanic reaction between RHA
and calcium hydroxide contributes to the formation of additional cementitious prod-
ucts, resulting in increased strength. Studies have demonstrated that the use of RHA
can lead to significant improvements in the mechanical performance of concrete, mak-
ing it suitable for various structural applications [8—10]. In addition to strength enhance-
ment, RHA also improves the durability of concrete. Concrete containing RHA exhibits
improved resistance to chloride ion penetration, sulphate attack, alkali-silica reaction
(ASR) and carbonation [11-13]. The pozzolanic reaction between RHA and calcium
hydroxide helps to fill the pores and capillary voids in the concrete, reducing its perme-
ability and enhancing its resistance to chemical attacks. This increased durability trans-
lates to a longer service life for concrete structures, minimising maintenance and repair
costs.

The optimal replacement level of cement with RHA depends on several factors, includ-
ing the desired concrete properties, project requirements and relevant standards. Gen-
erally, replacement levels of RHA range from 10 to 30% by weight of cement [14—16].
However, researchers have investigated higher replacement levels to assess their impact
on concrete performance [17-19]. It is important to conduct thorough testing and eval-
uation to determine the optimum replacement level for specific applications. The use
of RHA in concrete offers significant environmental benefits. By replacing a portion of
cement with RHA, the overall demand for cement is reduced. Cement production is a
major source of carbon dioxide emissions and by decreasing the amount of cement used,
the carbon footprint associated with concrete production can be lowered. Additionally,
the utilisation of RHA provides an eco-friendly solution to the management of rice husk
waste, contributing to sustainable waste management practices [20]. When incorporat-
ing RHA in concrete, careful consideration of mix design is crucial. Factors such as the
water-to-cementitious materials ratio, superplasticizer dosage and curing methods must
be optimised to achieve the desired workability, strength and durability of the concrete.
Proper mix design ensures that the RHA is effectively dispersed within the concrete mix
and promotes its reactivity.

Extensive research has been conducted to understand and optimise the use of RHA in
concrete [21, 22]. Studies have focused on determining the optimal replacement levels,
investigating the pozzolanic reaction kinetics, analysing microstructural changes and
evaluating the long-term performance and sustainability of RHA-based concrete. Qual-
ity control is essential to ensure the suitability and consistency of RHA in concrete pro-
duction. Testing the pozzolanic activity, chemical composition and physical properties
of RHA is necessary to maintain quality and achieve the desired concrete performance.
Quality control measures help ensure that the RHA meets the required standards and
specifications, guaranteeing the performance and durability of the concrete in real-
world applications.

The motivation behind writing this review paper is to consolidate existing knowledge
and research findings on the use of RHA in concrete. The aim is to provide a comprehen-
sive and up-to-date overview of the subject, highlighting the benefits, applications and
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advancements in this field. By synthesizing information from various sources, the paper
intends to serve as a valuable resource for researchers, engineers and practitioners in the
construction industry. Additionally, the paper aims to promote further research, inform
decision-making and encourage the adoption of sustainable and high-performance con-
crete practices by showcasing the advantages and potential of RHA in concrete produc-
tion. The limitations of this review paper include its scope and depth, as it may not cover
every aspect in great detail. Language and publication bias may also limit the inclusion
of relevant research. Additionally, the availability of literature and the evolving research
landscape may affect the completeness and currency of the information. Moreover, the
generalizability of findings should be considered, as different regions and applications
may have varying conditions. Readers should be aware of these limitations and consult
additional sources to obtain a more comprehensive understanding of the topic.

2 Properties and composition of rice husk ash (RHA)

2.1 Rice husk: an overview

Rice husk, the outer protective covering of the rice grain, is a valuable agricultural by-
product that is abundantly available in rice-producing regions worldwide. It is a light-
weight and fibrous material that is usually discarded during the milling process, which
can result in waste management challenges (Fig. 1). However, in recent years, research-
ers and industries have recognised the potential of rice husk and have explored various
applications for this versatile material [23—-26]. Rice is one of the most widely cultivated
and consumed staple crops globally. According to the Food and Agriculture Organi-
zation (FAO), global rice production reached approximately 520 million metric tons
(milled basis) in recent years. This scale of production results in a substantial amount
of rice husk, a by-product obtained during rice milling. Rice husks typically account for
about 20% of the weight of harvested rice. This means that from 520 million tons of rice,
around 104 million tons of rice husk are generated annually. Upon combustion, these
husks yield approximately 18—20% by weight as rice husk ash, translating to an estimated

18-21 million tons of RHA produced worldwide each year.
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Fig. 1 The image of rice husk
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The composition of rice husk makes it suitable for diverse uses. It primarily consists
of cellulose, hemicellulose and lignin, along with silica in the form of microscopic silica
bodies called phytoliths [27-29]. The high silica content, estimated to be around 25%, is
a notable characteristic of rice husk and contributes to its unique properties and appli-
cations [30]. One of the significant advantages of rice husk is its abundance and avail-
ability. As rice is a staple crop in many parts of the world, large quantities of rice husk
are generated as a by-product of the milling process. This abundance makes it an attrac-
tive resource that can be effectively utilised to address waste management concerns and
reduce environmental impacts associated with its disposal. Due to its fibrous nature, rice
husk exhibits excellent insulating properties [31]. It has low thermal conductivity, mak-
ing it suitable for thermal insulation applications in the construction industry. Rice husk
can be processed into boards or panels that are used for insulation purposes, such as
wall insulation, roof insulation and packaging materials. These rice husk-based insula-
tion products offer sustainable alternatives to conventional insulation materials, reduc-
ing energy consumption and improving building efficiency. Another valuable application
of rice husk is its use as a substrate for the cultivation of mushrooms [32]. The fibrous
structure and high lignocellulosic content of rice husk provide an ideal environment for
mushroom growth. After proper treatment and sterilization, rice husk can serve as a
sustainable and cost-effective medium for cultivating various types of edible and medici-
nal mushrooms. This not only provides an additional income source for farmers but also
promotes sustainable agriculture practices and diversification of agricultural products.

Rice husk also holds potential as a raw material for the production of biofuels and bio-
energy [33, 34]. Through various processes such as pyrolysis, gasification, or combustion,
rice husk can be converted into biofuels like biochar, biogas, or even electricity. These
bioenergy options offer renewable and sustainable alternatives to fossil fuels, contribut-
ing to the reduction of greenhouse gas emissions and the mitigation of climate change.
Furthermore, the utilisation of rice husk for bioenergy production can help in reducing
the dependence on traditional energy sources and promote rural development by pro-
viding decentralized energy solutions. Furthermore, the high silica content in rice husk
makes it suitable for the production of silica-based products [35, 36]. The combustion or
thermal treatment of rice husk produces RHA, which is rich in amorphous silica. RHA
finds applications in various industries, including construction, ceramics and the pro-
duction of silica-based materials like silicon metal, silica gel and sodium silicate. In the
construction industry, RHA is used as a supplementary material in cement and concrete
production. The pozzolanic properties of RHA improve the strength, durability and
workability of concrete, contributing to more sustainable and resilient infrastructure.

2.2 Production of RHA

The production of RHA involves several steps. Firstly, rice husk, the outer protective
covering of the rice grain, is collected from rice mills or farms. It undergoes cleaning
to remove impurities, followed by drying to reduce moisture content. The dried husk
is then subjected to controlled combustion, where the organic components are burned,
leaving behind inorganic ash rich in silica. The ash is collected using devices like cyclones
or filters, cooled to room temperature and then ground to the desired particle size. Siev-
ing may be performed to obtain a uniform particle size distribution. Finally, the RHA is

packaged and stored in a dry environment to maintain its quality.
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2.2.1 Collection

Rice husk collection is an important step in the production of RHA. The husk is obtained
from rice mills or farms where it is generated as a by-product during the milling process.
Rice, being a staple crop in many regions, results in the significant production of rice
husk. In rice mills, the husk is separated from the rice grain during the milling opera-
tion. It is typically removed using machines called rice hullers or husking machines
[37]. These machines effectively separate the outer protective covering, known as the
husk, from the edible rice grain. Similarly, in farms where rice is cultivated, the husk is
obtained after harvesting the rice crop. The harvested rice stalks are threshed to remove
the grains, leaving behind the husk. Both rice mills and farms generate rice husk in large
quantities. The volume of husk produced depends on factors such as the scale of rice
production, the variety of rice cultivated and the processing methods employed [38].
To manage the collection of rice husk efficiently, it is often stored in designated areas
within the rice mills or farms. Proper storage facilities are necessary to prevent the husk
from being exposed to moisture, which could lead to mold growth or degradation of
its quality. The collection of rice husk provides an opportunity to utilise a by-product
that would otherwise contribute to waste management challenges. Instead of being dis-
carded, the husk can be processed into RHA, which has various valuable applications in
industries such as construction, agriculture, energy and more. By collecting rice husk in
large quantities, its potential as a valuable resource can be maximised, leading to more
sustainable and environmentally friendly practices.

2.2.2 Cleaning

The production of high-quality RHA involves a critical cleaning process. Once rice
husks are collected from mills or farms, they often carry impurities and foreign mate-
rials that need removal. The cleaning process targets these contaminants, ensuring the
resulting RHA is free from substances that could compromise its quality or performance
in various applications [39]. The cleaning method varies based on available equipment,
facilities, and the nature of impurities. Common cleaning techniques include mechani-
cal separation, where devices like screens, sieves, or separators remove larger impuri-
ties. This includes stones, twigs, or larger debris mixed with the husks during collection.
Another method is air separation, utilizing air currents or blowers to separate lighter
impurities from rice husks. The husks pass through an air stream, carrying away lighter
materials like dust, chaff, or smaller particles. Magnetic separation involves the use of
magnetic separators to eliminate metallic impurities or particles with magnetic proper-
ties. Rice husks pass through a magnetic field, attracting and separating any magnetic
contaminants. Washing the rice husks with water is also employed to remove surface
dirt, dust, or soluble impurities. Husks may be soaked or rinsed, and then the water is
drained or filtered to separate the cleaned husks from the washing liquid. Thorough
cleaning ensures that the resulting RHA meets required quality standards by eliminating
unwanted impurities. This is crucial, as contaminants can affect the reactivity, chemi-
cal composition, or physical properties of the RHA and help prevent potential negative

impacts on the environment or end-use applications.
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2.2.3 Drying

Following the cleaning process, the rice husk undergoes a critical phase called drying,
which is indispensable for reducing the moisture content to an appropriate level for sub-
sequent processing [40]. This step holds significance for several reasons. Firstly, it serves
as a preventive measure against mould. Rice husk contains organic matter that, when
exposed to moisture, becomes conducive to mould and fungal growth. Drying effectively
eliminates excess moisture, mitigating the risk of mould proliferation, which not only
impacts the quality of the rice husk but also poses health and safety concerns. Secondly,
drying contributes to process efficiency. Excessive moisture in the rice husk can disrupt
subsequent processing steps. For instance, in cases where combustion is intended, the
presence of moisture can hinder optimal combustion efficiency. In grinding or pulver-
izing the husk, too much moisture can lead to clogging or inefficiencies in the grinding
equipment. Drying ensures that the husk is in an optimal condition for efficient pro-
cessing. Thirdly, drying plays a crucial role in ensuring product quality. The presence
of moisture in the rice husk can adversely affect the quality of the final product, such
as RHA. Excess moisture can impact the combustion process, resulting in incomplete
burning and the formation of undesirable by-products. Drying the husk helps maintain
the effectiveness of subsequent processing steps, resulting in high-quality RHA with
desirable properties. The drying process is typically conducted at temperatures between
80 °C and 110 °C, depending on the initial moisture content of the rice husk and the dry-
ing method used (natural vs. mechanical). It is essential to reduce the moisture content
to below 10%, with 5% or less being ideal for efficient combustion and high-quality ash
yield. This low moisture content ensures uniform burning and reduces the risk of incom-
plete combustion or formation of tar.

The drying process can be executed through various methods, including natural dry-
ing and mechanical drying [41]. Natural drying involves spreading the cleaned rice
husk in a well-ventilated area under the sun or using ambient air to evaporate moisture.
Mechanical drying methods, such as hot air dryers or fluidized bed dryers, can expe-
dite the drying process by supplying heated air to remove moisture more rapidly. The
duration of the drying process depends on several factors, including the initial mois-
ture content of the rice husk, the chosen drying method, and the desired moisture level
for further processing. It is crucial to ensure that the husk undergoes adequate drying
to achieve the desired moisture content while considering the energy efficiency of the
drying process. Properly drying the rice husk post-cleaning reduces moisture content,
minimizing the risk of mould growth, enhancing the efficiency of subsequent processing
steps, and ensuring the quality of the final product, such as high-quality rice husk ash.

2.2.4 Combustion

Following the thorough drying of the rice husk, it is now poised for the combustion pro-
cess, a crucial step in converting its organic constituents into ash, primarily composed of
inorganic silica [42, 43]. The combustion methods employed depend on specific needs
and the equipment available. One of the simpler and cost-effective approaches is Open
Burning. In this method, the dried rice husk is directly burned in an open environment.
While widely used in small-scale operations or areas with limited resources, open burn-
ing may not match the efficiency or environmental friendliness of other combustion
methods. Fluidized Bed Combustion, as illustrated in Fig. 2, introduces the dried rice
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husk into a bed of inert material, often sand, where combustion takes place. A controlled
flow of air or gas passes through the bed, causing the rice husk particles to behave like a
fluidized mix. This method not only ensures efficient combustion but also provides bet-
ter control over crucial parameters such as temperature and residence time.

Gasification, depicted in Fig. 3, represents a more advanced combustion method. Here,
the dried rice husk undergoes partial combustion in a controlled environment with lim-
ited oxygen supply. This unique process transforms the husk into a gaseous fuel called
producer gas or syngas, which finds applications in various energy-related endeavours.
Gasification stands out for its higher energy conversion efficiency compared to tradi-
tional combustion methods. In essence, the combustion phase is a transformative pro-
cess where the dried rice husk undergoes controlled burning, leading to the production
of ash with specific compositional attributes. The choice of combustion method is care-
fully considered based on factors such as scale, available resources, efficiency, and envi-
ronmental impact.

Regardless of the combustion method used, the organic components of the dried
rice husk, including cellulose, hemicellulose and lignin, undergo thermal decomposi-
tion during the combustion process. This decomposition releases heat and results in the
formation of ash. The ash produced from rice husk combustion is primarily composed
of inorganic silica (SiO,), which accounts for a significant portion of the ash content
[45]. The high silica content is a distinctive characteristic of RHA and contributes to its
unique properties and applications. The combustion process should be carefully con-
trolled to optimise the conversion of the organic components into ash while minimising
emissions and ensuring the efficient utilisation of the energy released. Proper combus-
tion parameters, such as temperature, air/gas flow rates and residence time, need to be
considered to achieve desired outcome.

2.2.5 Ash collection

In the course of rice husk combustion, it is crucial to efficiently gather the resulting ash
for subsequent processing and utilization. Various methods are employed to separate ash
particles from the combustion gases, ensuring a thorough and effective ash collection
process [47]. Commonly used techniques encompass cyclones, filters, and electrostatic
precipitators. Cyclones are widely adopted for ash collection due to their straightfor-
ward design and cost-effectiveness. Operating on the principle of centrifugal force, these
separators allow combustion gases and entrained ash particles to enter tangentially. The
centrifugal force directs heavier ash particles toward the outer walls, allowing purified
gases to exit from the top. Collected ash settles at the bottom of the cyclone and can be
discharged for further processing.

Filters, such as bag filters or fabric filters, are frequently employed to capture fine ash
particles from combustion gases. These filters, equipped with a porous medium, enable
gases to pass through while trapping ash particles. The collected ash can be periodically
removed from filters through cleaning or replacing the filter media. Bag filters, in par-
ticular, excel in capturing smaller ash particles, ensuring a high level of ash collection
efficiency. Electrostatic precipitators (ESPs) utilize electrostatic forces to separate ash
particles from combustion gases. As gases pass through an electrode system, an elec-
tric charge is imparted to the ash particles. The charged particles are then attracted
to oppositely charged plates or collection surfaces, where they accumulate and can be
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periodically removed. ESPs prove effective in collecting both larger and finer ash parti-
cles, making them suitable for larger-scale combustion systems. The choice of ash collec-
tion technique depends on factors such as the specific requirements of the combustion
system, the size and characteristics of the ash particles, and the desired ash collection
efficiency [48]. In some cases, a combination of different techniques may be employed to
achieve optimal results.

2.2.6 Cooling

Once the ash has been gathered from the combustion process, it undergoes a crucial
cooling step to bring it down to room temperature. This cooling process is indispens-
able to eliminate any remaining heat present in the collected ash. Its significance lies in
ensuring safe handling of the ash and preventing potential reactions or alterations in its
properties. The cooling process can be accomplished through various methods, depend-
ing on the operational scale and available equipment [49, 50].

One common method is Natural Air Cooling, where the collected ash is allowed to
cool naturally by exposure to ambient air. Whether spread out in thin layers or placed
in containers with sufficient ventilation, this method facilitates heat dissipation. The
gradual natural air circulation brings the ash temperature down to room temperature,
making it a simple and cost-effective choice, particularly for smaller-scale operations.
Another method is Forced Air Cooling, employing fans or blowers to hasten the cooling
of the collected ash. Containers or conveyors hold the ash, and mechanical means circu-
late air to accelerate the heat transfer process, achieving quicker cooling. This method
is often preferred in larger-scale operations where increased production efficiency is
sought through swift cooling. Throughout the cooling process, it is crucial to ensure
proper ventilation and airflow to prevent heat accumulation and maintain a consistent
cooling rate. This precautionary measure helps mitigate potential risks associated with
high temperatures, such as fire hazards or undesired reactions.

2.2.7 Grinding

Once the RHA has been cooled to room temperature, it usually undergoes a grinding
process to achieve the desired particle size distribution. Grinding is a crucial step in the
processing of RHA as it helps improve the reactivity and surface area of the ash, thereby
enhancing its potential applications. Grinding can be carried out using various grind-
ing techniques and equipment, depending on the desired particle size and the scale of
the operation [51, 52]. Ball Milling is a widely employed technique for grinding various
materials, including RHA. In this process, cooled RHA is placed in a rotating container
alongside grinding media, typically steel balls. The rotation of the container causes the
grinding media to impact and crush the RHA particles, effectively reducing their size.
Adjusting the duration of milling and the rotation speed allows control over the particle
size distribution. Vibratory Milling involves using a vibratory mill or miller that utilizes
vibrations to impart energy to RHA particles. The vibratory motion induces collisions
among particles, leading to size reduction. Vibratory mills excel in producing fine and
uniform particle sizes. Jet Milling employs high-speed jets of gas or air to impact and
grind RHA particles. The rapid collisions between particles and the gas stream result in
size reduction. Jet milling is commonly chosen for producing fine powders characterized
by a narrow particle size distribution.
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The grinding process can be optimised to achieve the desired particle size distribution,
which is crucial for specific applications of RHA. Grinding the ash improves its reactiv-
ity by increasing the surface area available for chemical reactions [53, 54]. This enhanced
reactivity makes RHA suitable for various applications, such as cement and concrete
production, as well as in the fields of agriculture, materials science and environmental
engineering. The particle size distribution obtained through grinding is influenced by
factors such as the duration of grinding, the type and size of grinding media, the rota-
tional speed of the grinding equipment and the initial particle size of the cooled RHA.
Careful control of these parameters allows for the production of RHA with specific par-
ticle size characteristics that are tailored to the desired applications. The ground RHA
should typically achieve a particle diameter between 5 pm and 10 pum, which is suitable
for enhancing pozzolanic activity and ensuring proper dispersion within cementitious
matrices. This size range ensures a high specific surface area, critical for optimal reactiv-
ity with calcium hydroxide in concrete applications.

2.2.8 Sieving

Sieving plays a crucial role in the processing of ground RHA, ensuring a consistent
particle size distribution. Once the RHA has undergone grinding, sieving becomes a
necessary step to segregate particles based on size, striving for uniformity in material
properties. In this process, the ground RHA is placed onto a sieve, a device with a mesh
screen of uniform openings. Subsequently, gentle shaking or agitation allows smaller
particles to pass through the sieve, while larger ones are retained. Sieves with varying
mesh sizes enable the separation of distinct particle size fractions.

Sieving facilitates precise control and selection of specific particle size ranges. Dif-
ferent mesh sizes of sieves divide the ground RHA into fractions with desired particle
sizes, ensuring a uniform distribution for consistent RHA performance across diverse
applications. Contributing to the uniformity of RHA, sieving eliminates oversized or
undersized particles. Consistent particle size distribution is crucial in applications where
the predictable behaviour and performance of RHA are paramount. As a quality con-
trol measure, sieving ensures that ground RHA adheres to desired particle size specifica-
tions, eliminating any coarse or fine particles that could potentially impact the material’s
properties and performance. Sieving offers the customization of RHA for specific appli-
cations requiring precise particle size ranges. Industries and research fields may have
distinct particle size requirements tailored to optimize the performance and effective-
ness of RHA in their respective applications. Caution must be exercised during sieving
to prevent sample contamination and ensure accurate results. Proper cleaning and main-
tenance of sieves, along with equipment calibration, are essential steps to obtain reliable
and consistent particle size distributions. Standard sieving of RHA is performed using
sieves with mesh sizes ranging from 45 pm (No. 325 sieve) to 75 pm (No. 200 sieve). This
ensures removal of oversized particles and helps achieve a consistent fine powder that
enhances the pozzolanic performance of RHA in cementitious systems.

2.2.9 Packaging and storage

After the production and processing of RHA, proper packaging and storage are essen-
tial to maintain its quality and prevent degradation. Selection of appropriate packaging
materials involves choosing materials that offer protection against moisture and physical
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damage. Common options include moisture-resistant bags, polypropylene sacks, or air-
tight containers.

In the packaging process, RHA is carefully placed into the chosen packaging material,
ensuring proper sealing to prevent moisture ingress. This packaging is carried out in a
clean and controlled environment to minimize contamination. Each package undergoes
labelling with relevant information, including the product name, batch number, date of
packaging, and any specific storage instructions. Clear labelling facilitates easy identifi-
cation and tracking of the RHA product.

Storage conditions for packaged RHA involve placing it in a dry and controlled envi-
ronment to minimize exposure to moisture and humidity. It is essential to keep RHA
away from direct sunlight, excessive heat, and sources of moisture, as these can adversely
affect its quality and reactivity. Moisture control is addressed due to the tendency of
silica-based materials like RHA to absorb moisture. Desiccants or moisture-absorbing
packets may be added to the packaging to prevent moisture absorption and maintain the
dryness of the RHA during storage.

During handling and transportation of packaged RHA, proper care is taken to avoid
any physical damage or puncturing of the packaging material. RHA is stored and trans-
ported separately from other materials to prevent contamination. Maintaining an inven-
tory management system is crucial for tracking the quantity, batch numbers, and storage
duration of packaged RHA. This ensures efficient stock rotation and helps prevent the
use of expired or deteriorated RHA.

Proper packaging and storage of RHA are crucial to maintain its quality and ensure its
effectiveness in various applications. By protecting the RHA from moisture absorption
and maintaining suitable storage conditions, its chemical composition, physical proper-
ties and reactivity can be preserved over an extended period. This allows for consistent
and reliable use of RHA in construction, agriculture and other industries that benefit
from its unique properties. It is important to note that the production process may vary
depending on factors such as the specific equipment used, the desired characteristics
of the RHA and the intended applications. Additionally, certain environmental regula-
tions and guidelines need to be followed to ensure safe and sustainable production prac-
tices. The production of RHA provides a valuable opportunity to utilise a by-product
that would otherwise contribute to waste management challenges. The resulting ash can
be utilised in various industries such as construction, agriculture, ceramics and energy,

Table 1 Oxide content of RHA by regions of cultivation [55, 56]

Oxides Countries of cultivation of rice (%) Range (%)
Vietnam India USA Brazil Malaysia Russia

Sio2 86.9 90.7 945 929 93.1 843 85-95

Cao 14 04 0.25 1.03 041 0.5 0.25-1.50

Fe203 0.73 04 - 043 0.21 03 0.20-0.75

Al203 0.84 04 - 0.10 0.21 1. 0.10-0.90

MgO 0.57 0.5 0.23 0.35 1.59 0.9 0.20-1.60

K20 2.46 22 1.10 0.72 2.31 3.7 0.70-4.00

Na20 0.2 0.1 0.78 0.02 - 1.0 0-0.8

SO3 - 0.1 1.13 0.1 - 0.1 0.0.15

SiO, + Fe,05 + AlLOs 8847 91.50 94.50 9343 93.52 85.70 85.7-94.50

Lossof Ignition 5.14 4.8 - - 2.36 8.1 -
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Table 2 Physical properties of RHA [57-59]

Property Unit Values
Dry density Kg/m? 2020-2160
Specific surface area m’/kg 240-276.5
Pozzolanic activity index % 81.25-88.90
Average particle size pm 5.0-741
Nitrogen adsorption Kg/m? 24.3-288
Volume of pores mL/g 0.073

SF

Intensity(Cps)

| A 1 L 1 L 1 i |

10 20 30 40 50
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Fig. 4 XRD patterns of RHA and SF [60]

offering sustainable and environmentally friendly alternatives to traditional materials
and fuels.

2.3 Chemical and physical properties of RHA

RHA possesses both chemical and physical properties that contribute to its versatil-
ity and suitability for various applications. Chemically, RHA is primarily composed of
amorphous silica (SiO,), with a high silica content ranging from 80 to 95%. This silica
content gives RHA its pozzolanic activity, enabling it to react with calcium hydroxide in
the presence of water and form additional cementitious compounds. RHA also contains
residual carbon derived from the organic components of rice husk and may have other
mineral compounds present. The oxide content of RHA by regions of cultivation of rice
is summarised in Table 1.

Physically, RHA consists of fine particles with a wide particle size distribution, high
specific surface area and porous structure. It has a relatively low bulk density, making it
lightweight and suitable for use as a filler or additive. RHA exhibits an alkaline pH and
its physical properties can be influenced by factors such as particle size, specific gravity,
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colour, moisture content and porosity. These combined chemical and physical properties
make RHA a valuable material with applications in areas such as construction, agricul-
ture, energy and environmental remediation. The physical properties of RHA are sum-
marised in Table 2.

2.3.1 Chemical properties

Silica content: RHA is known for its high silica content, which plays a significant role in
its properties and applications. The silica content in RHA typically ranges from 80 to
95% depending on factors such as the combustion process and the composition of the
rice husk itself [16]. The XRD analysis shown in Fig. 4 indicates that both SF and RHA
contain mainly amorphous silicon dioxide [60]. SiO, in RHA exists in the form of amor-
phous silica, which means it lacks a well-defined crystalline structure. The high silica
content in RHA, particularly in amorphous form, underpins its pozzolanic activity. As
described in the Introduction, this reactivity plays a central role in the performance of
RHA in cementitious applications [61]. The formation of C-S-H gel contributes to the
strength and durability of cementitious materials. The presence of amorphous silica in
RHA also enhances its reactivity. The fine particle size and large surface area of RHA
promote a higher degree of chemical interaction with other components in the system.
This increased reactivity allows RHA to participate in various chemical reactions, lead-
ing to improved performance and properties in cement-based materials [62].

Carbon content: RHA contains a small amount of residual carbon, which is derived
from the organic components present in rice husk. The carbon content in RHA can vary
depending on the combustion conditions during the production process. Typically, the
carbon content in RHA ranges from 2 to 20% [63]. The presence of carbon in RHA can
have several implications for its properties and applications [17]. During the combustion
process, the organic components of rice husk undergo thermal decomposition, releas-
ing volatile gases and leaving behind residual carbon. The combustion conditions, such
as temperature, oxygen availability and combustion duration, can influence the amount
of carbon retained in the RHA. The carbon content in RHA can impact the combustion
process itself. Higher carbon content can affect the combustion efficiency and require
more controlled conditions to ensure complete combustion. It can influence parameters
such as combustion temperature, residence time and oxygen supply. Furthermore, the
carbon content in RHA can affect its chemical and physical properties. Carbon parti-
cles dispersed within the RHA matrix can contribute to its overall structure, porosity
and surface characteristics. The presence of carbon can influence the surface reactiv-
ity, adsorption capacity and electrical conductivity of RHA. In certain applications, the
carbon content in RHA can be desirable. For example, in the field of adsorption, car-
bonaceous materials, including RHA, are utilised for their ability to adsorb pollutants
and contaminants [64]. The carbon content in RHA can enhance its adsorption capacity,
making it effective for water treatment, air purification and remediation of various pol-
lutants. However, in some applications, the carbon content in RHA may be considered
undesirable. For instance, in the production of high-purity silica-based materials, such
as silicon metal or high-quality silica gel, the carbon content needs to be minimised to
achieve the desired purity levels [23, 46].

Mineral composition: In addition to its high silica content, RHA can contain various
mineral compounds derived from the original rice husk material. These minerals may
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include calcium, potassium, sodium, magnesium and iron, among others [65]. The spe-
cific composition and concentration of these minerals in RHA can vary depending on
factors such as the source of the rice husk and the combustion process employed. The
presence of these minerals in RHA can have implications for its properties and poten-
tial applications. For example, calcium in RHA can contribute to the pozzolanic reaction
and the formation of C-S-H gel, enhancing the strength and durability of cementitious
materials. Potassium and sodium may influence the rheological properties of concrete,
affecting its workability and setting time [66]. It is important to note that the concentra-
tion of these minerals in RHA is generally lower compared to silica. Silica is the predom-
inant mineral component in RHA and is responsible for its pozzolanic activity. However,
the presence of other minerals in RHA can still contribute to its overall behaviour and
performance in different applications. Understanding the mineral composition of RHA
is essential for optimizing its use in specific applications. It allows for a better under-
standing of the chemical interactions and reactions that occur when RHA is incorpo-
rated into cementitious materials. By considering the mineral composition alongside the
silica content, researchers and engineers can tailor the properties and performance of
RHA-based products to meet specific requirements and achieve desired outcomes.

Pozzolanic activity: RHA is well-known for its pozzolanic activity, a key characteristic
that contributes to its effectiveness in cementitious materials. The pozzolanic reaction
occurs when RHA is combined with calcium hydroxide (lime) in the presence of water.
During this reaction, RHA reacts with calcium hydroxide to form additional cementi-
tious compounds, particularly calcium C-S-H gel. The formation of C-S-H gel is crucial
in enhancing the strength and durability of concrete. C-S-H gel is the primary bind-
ing phase in cementitious materials, responsible for the development of the material’s
mechanical properties. By incorporating RHA into concrete mixes, the pozzolanic activ-
ity of RHA leads to the formation of more C-S-H gel, resulting in improved compressive
strength. Additionally, the pozzolanic activity of RHA contributes to reduced perme-
ability in concrete [55]. The reaction between RHA and calcium hydroxide leads to the
formation of additional hydration products, which fills the capillary pores in the con-
crete matrix. This densification of the microstructure reduces the passage of water and
other harmful substances, enhancing the material’s durability and resistance to chemical
attack. The pozzolanic activity of RHA also contributes to the mitigation of alkali-silica
reaction (ASR) in concrete [67, 68]. ASR is a deleterious chemical reaction that occurs
between the alkalis present in concrete and reactive forms of silica. By incorporating
RHA into concrete, the pozzolanic reaction consumes the available alkalis, minimising
the risk of ASR and improving the chemical resistance of the concrete.

Chemical reactivity: RHA 1is characterised by its high chemical reactivity, primar-
ily attributed to its amorphous silica content and fine particle size [69, 70]. The unique
properties of RHA enable it to engage in chemical reactions and form stable compounds
when combined with other materials, leading to improved performance in various appli-
cations. The amorphous silica in RHA readily reacts with calcium hydroxide (lime) pres-
ent in the cementitious matrix when exposed to water. This pozzolanic reaction results
in the formation of additional cementitious compounds, such as C-S-H gel. The C-S-H
gel contributes to the strength, durability and densification of concrete, enhancing its
mechanical properties and reducing permeability. In addition to its pozzolanic activ-
ity, the fine particle size of RHA provides a larger surface area for chemical interactions
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[71]. This increased surface area allows for more extensive contact between RHA and
other materials, promoting efficient chemical reactions and the formation of desired
compounds. The high reactivity of RHA makes it suitable for various applications. In
the construction industry, RHA is used as a supplementary cementitious material in
concrete production, where its reactivity enhances the mechanical strength, durability
and workability of the concrete. RHA is also utilised in the production of cement-based
products, such as bricks, blocks and mortars, where its chemical reactivity contributes
to improved performance. Furthermore, the chemical reactivity of RHA extends to
other fields as well. It can be used as a filler in polymers and composites, enhancing their
mechanical and thermal properties. RHA’s reactivity also makes it suitable for applica-
tions in wastewater treatment, where it can be employed as an adsorbent to remove
heavy metals and other pollutants.

2.3.2 Physical properties

Particle size distribution: RHA is characterised by the presence of fine particles that
range in size from a few micrometres to sub-millimetre scale. The particle size distri-
bution of RHA can vary depending on factors such as the combustion process and the
milling techniques used [72, 73]. The particle size distribution of RHA plays a signifi-
cant role in its chemical and physical properties. The fine particle size allows for a larger
surface area, which promotes better interaction with other materials and enhances
chemical reactions. This is particularly important in applications such as cement and
concrete, where the pozzolanic reaction between RHA and calcium hydroxide is crucial
for improving the strength and durability of the materials. Additionally, the particle size
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Fig.5 PSD curve of RHA and cement [75]
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distribution affects the flowability and workability of RHA Concrete [74]. Finer particles
tend to have better flow characteristics and can be easily incorporated into mixes, while
coarser particles may affect the handling and compaction of the material. The particle
size distribution can be controlled through grinding and sieving processes, allowing for
the customization of RHA according to specific application requirements. It is important
to consider the particle size distribution of RHA when selecting it for different applica-
tions, as it can influence the overall performance and effectiveness of the material. The
PSD of cement and RHA was analysed by a laser particle size analyser (GSL-IOIBI) in a
liquid state. RHA and cement were, respectively, dispersed in water and ethanol using
a KQ218 ultrasonic treatment machine [75]. The obtained PSD of RHA and cement is
presented in Fig. 5.

Specific surface area: RHA exhibits a relatively high specific surface area due to its fine
particle size and porous nature. The specific surface area refers to the total surface area
of RHA per unit mass and is typically measured in square meters per gram (m’/g). The
fine particle size and porous structure of RHA contribute to its large surface area-to-
volume ratio. This increased surface area provides a greater number of active sites for
chemical reactions to occur [76, 77]. applications such as cement and concrete, the high
specific surface area of RHA enhances its pozzolanic activity, allowing for better interac-
tion with calcium hydroxide and the formation of additional cementitious compounds.
The large surface area of RHA also enhances its adsorption capacity. RHA can adsorb
various substances, including organic compounds, heavy metals and gases, due to its
increased surface area and porous structure. This makes RHA suitable for applications
such as water and air purification, where its adsorption properties are utilised to remove
contaminants. The specific surface area of RHA can vary depending on factors such as
the combustion process, grinding and sieving. These processes can be optimised to con-
trol the specific surface area of RHA, allowing for customization based on the intended
application requirements.

Bulk density: The bulk density of RHA refers to the mass of RHA per unit volume,
typically measured in kilograms per cubic meter (kg/m?®). The bulk density of RHA can
vary depending on factors such as the degree of compaction during handling and stor-
age. Generally, RHA has a lower bulk density compared to conventional cement or con-
crete materials [78]. This is because RHA consists of fine particles with air-filled voids
between them, which contributes to its lightweight nature. The lower bulk density of
RHA makes it a desirable additive in applications where weight reduction is important,
such as lightweight concrete or as a filler in lightweight construction materials. The light-
weight property of RHA offers several advantages. It helps to reduce the overall weight
of structures, making them more economical and easier to handle during construction.
Additionally, the lower bulk density of RHA can improve the workability and flowability
of concrete mixes, allowing for easier placement and compaction. It is important to note
that the bulk density of RHA can be influenced by factors such as particle size, packing
density and moisture content. Therefore, proper handling and storage practices should
be employed to maintain the desired bulk density and prevent any adverse effects on the
performance of RHA in different applications.

Porosity: RHA possesses a porous structure characterised by numerous interconnect-
ing voids and channels. The porosity of RHA plays a significant role in determining its
water absorption capacity, permeability and adsorption characteristics [79]. The porous
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Fig.6 SEM images of RHA at magnifications of (a) 500x and (b) 10000x [60]

nature of RHA allows it to absorb and retain water, which can be advantageous in cer-
tain applications. RHA’s porosity enables it to act as a water reservoir, contributing to the
moisture retention of concrete mixes and improving the workability and hydration pro-
cess of cementitious materials [80]. Moreover, the porosity of RHA influences its perme-
ability, or the ability of fluids to flow through its structure. The interconnected voids and
channels facilitate the movement of fluids, which can be beneficial in applications where
permeability control is desired, such as in filtration or drainage systems. The porosity of
RHA also contributes to its adsorption characteristics. The porous structure provides a
larger surface area for adsorption, allowing RHA to effectively adsorb and retain various
substances, such as organic compounds, heavy metals and pollutants. This makes RHA a
potential candidate for environmental remediation applications, including water and air
purification [81]. The porosity of RHA can be influenced by factors such as the combus-
tion process, particle size and treatment methods. Proper understanding and control of
the porosity of RHA are important to optimise its performance and tailor it to specific
applications. The microstructure of RHA is depicted in Fig. 6 through SEM images at
two distinct magnifications, namely 500x and 10,000x, revealing its layered and porous
nature. Further analysis using Barrett-Joyner-Halenda (BJH) testing, as illustrated in
Fig. 6, confirms the presence of nano-sized pores within the range of 3 nm to 10 nm in
RHA. This observation explains the high specific surface area (SSA) and water absorp-
tion capacity of RHA. The porous structure enables the absorption of water, which can
subsequently be released to enhance the compressive strength of RHA.

Moisture content: Proper post-processing and storage of RHA are crucial to maintain
a low moisture content. The moisture content of RHA refers to the amount of water
present in the ash after processing and is an important parameter that can influence its
flowability, handling characteristics and potential reactivity. A low moisture content in
RHA is desirable as it enhances the flowability of the ash, making it easier to handle
and incorporate into various applications. Excessive moisture can cause the particles to
agglomerate or stick together, leading to poor dispersibility and reduced effectiveness
of RHA in mixes [82]. Moreover, moisture content can impact the reactivity of RHA
in certain applications [83]. Moisture acts as a barrier, hindering the contact between
RHA particles and other reactive materials, which can affect the desired chemical reac-
tions and performance of the final product. By maintaining a low moisture content,
the reactivity of RHA can be optimised, ensuring its effective utilisation in applications
such as cementitious materials or adsorbents. Proper storage conditions, including dry
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environments and sealed containers, help minimise moisture absorption by RHA. It is
essential to store RHA in a controlled manner to preserve its low moisture content and
maintain its desired properties for long-term use.

Specific gravity: The specific gravity of RHA is generally lower than that of conven-
tional cement or concrete materials [57]. RHA has a lower specific gravity due to its
porous and lightweight nature. During the combustion process, the organic components
of rice husk burn away, leaving behind primarily inorganic ash particles. These ash par-
ticles have a lower density compared to cement or concrete, resulting in a lower specific
gravity for RHA. The lower specific gravity of RHA offers several advantages in different
applications. Firstly, it contributes to the lightweight properties of RHA, making it suit-
able as a partial replacement for heavier aggregates in lightweight concrete or as a filler
material in various composites. The reduced weight can result in improved handling,
transportation and structural performance of the materials. Additionally, the lower
specific gravity of RHA can contribute to the thermal insulation properties of materi-
als when used as an additive. The lightweight nature of RHA reduces the overall den-
sity of the material, resulting in lower thermal conductivity and enhanced insulation
capabilities.

pH value: RHA exhibits an alkaline pH value, typically ranging from 8 to 11 [65]. When
RHA is incorporated into concrete as a partial replacement for cement, it contributes to
the overall alkalinity of the concrete mix. The alkalinity of concrete is an important fac-
tor that influences its durability and the protection of embedded steel reinforcement.
The alkaline environment created by the cementitious materials helps to passivate the
steel reinforcement, forming a protective oxide layer that inhibits corrosion. Corro-
sion of steel reinforcement can lead to structural deterioration and reduced service life
of concrete structures. By introducing RHA into the concrete mix, the alkalinity of the
system is increased. The alkaline pH of RHA provides an additional source of hydroxide
ions (OH") in the concrete, which helps to maintain the high pH environment necessary
for the passivation of steel reinforcement. It is worth noting that the exact pH value of
RHA can vary depending on factors such as the combustion process, rice husk source

Table 3 Comparative evaluation of rice husk ash, fly ash, and silica fume as SCMs

Parameter

Rice Husk Ash (RHA)

Fly Ash (FA)

Silica Fume (SF)

Silica Content (%)
Pozzolanic Reactivity

Particle Size (um)
Compressive Strength
Gain

Durability
Improvement
Workability Impact

Cost
Availability

Environmental Benefit

Carbon Footprint
Reduction

80-95 (mostly amorphous)

High (depends on fineness and

combustion method)

5-7

Moderate to high (10-30%
replacement)

High (chloride, sulphate, ASR

resistance)

Slight reduction (may need
admixtures)

Low (agricultural waste by-product)

Regional (dependent on rice

production)

High (reuses waste, reduces CO,)

Up to 30% (if used optimally)

45-60 (varies by class)
Moderate to high (Class F
is more reactive)

1-100

Moderate (15-35%
replacement)

High (especially for

Class F)

Improves workability

Low to moderate (indus-
trial by-product)

Widely available globally

High (reduces cement
use, waste reuse)

15-30% (varies by dos-
age and type)

>90 (@amorphous)
Very high

<1

High (5-15%
replacement)
Very high

Reduces workability
High

Limited; more costly
and less abundant
Moderate (indus-
trial by-product,
energy-intensive)
10-20%
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and post-processing treatments. Therefore, it is important to consider the specific prop-
erties of the RHA being used and adjust the concrete mix design accordingly to ensure
the desired alkalinity is achieved.

3 Supplementary cementitious material (SCM) potential of RHA

RHA exhibits significant potential as a supplementary cementitious material (SCM)
in the construction industry. As a by-product of rice milling, RHA offers an environ-
mentally friendly and sustainable alternative to traditional cement additives. Its high
silica content and pozzolanic activity enable RHA to react with calcium hydroxide in
cement, forming additional cementitious compounds that enhance the strength, durabil-
ity and performance of concrete. RHA can be used as a partial replacement for cement,
reducing the demand for cement production and lowering carbon emissions. With its
abundant availability and beneficial properties, RHA has the potential to contribute to
more sustainable and eco-friendly construction practices. Table 3 provides a compara-
tive overview of RHA alongside commonly used supplementary cementitious materials
(SCMs) such as Fly Ash (FA) and Silica Fume (SF). It highlights RHA’s high silica content
and pozzolanic reactivity, which contribute to notable improvements in strength and
durability. RHA is particularly advantageous in terms of cost and environmental impact,
given its origin as an agricultural by-product. While SF offers superior performance in
terms of reactivity and strength gain, its higher cost and limited availability pose chal-
lenges. Fly Ash remains a balanced option, though its performance varies by type. Over-
all, RHA presents a sustainable, cost-effective alternative.

3.1 Pozzolanic activity of RHA

Pozzolanic activity is a key characteristic of RHA that contributes to its effectiveness
in enhancing the properties of cementitious materials. The pozzolanic reaction occurs
when RHA reacts with calcium hydroxide (lime) in the presence of water, resulting in
the formation of additional cementitious compounds. The high silica content of RHA,
typically in the range of 80—95%, plays a crucial role in its pozzolanic activity. Silica in
RHA exists in the amorphous form, which provides a reactive surface for chemical reac-
tions. When RHA is finely ground and mixed with lime and water, the amorphous silica
reacts with calcium hydroxide to form C-S-H gel. This gel fills the pores and intersti-
tial spaces within the cementitious matrix, leading to improved strength, durability and
other desirable properties.

The pozzolanic reaction with RHA results in the formation of additional C-S-H gel,
which contributes to the densification and refinement of the microstructure of cementi-
tious materials. The gel acts as a binder, binding the particles together and reducing the
porosity of the material. This leads to increased compressive strength, reduced permea-
bility and improved resistance to chemical attacks. In addition to the formation of C-S-H
gel, the pozzolanic reaction also consumes calcium hydroxide, a by-product of cement
hydration. The consumption of calcium hydroxide helps to reduce the alkali content in
the system, minimising the risk of alkali-silica reaction (ASR) and enhancing the long-
term durability of the cementitious material.

The pozzolanic activity of RHA offers several benefits in construction applications
[84-87]. By incorporating RHA as a partial replacement for cement in concrete mixes, it
can reduce the demand for cement, which is a significant contributor to carbon dioxide
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emissions during production. This contributes to the sustainability of construction prac-
tices and reduces the environmental impact. Furthermore, the pozzolanic activity of
RHA enables the utilisation of supplementary cementitious materials, such as fly ash
or slag, in blended cement formulations. These blends optimise the performance of
cementitious materials by enhancing workability, reducing heat generation, improving
resistance to sulphate attacks and mitigating the potential for drying shrinkage.

The pozzolanic activity of RHA has been a subject of extensive research, aiming to
understand and enhance its effectiveness as a supplementary cementitious material.
Several studies have investigated the factors influencing the pozzolanic activity of RHA,
providing valuable insights into its structural and chemical properties. Nair et al. [88]
conducted a structural investigation to explore the pozzolanic activity of RHA. Their
study revealed that the amorphous silica content and the surface area of RHA play a
crucial role in its reactivity. The amorphous silica in RHA provides a reactive surface for
the pozzolanic reaction, while a higher surface area offers more sites for chemical inter-
actions. These findings highlight the importance of RHA characteristics in determining
its pozzolanic activity.

Particle size and specific surface area have also been recognised as key factors influ-
encing the pozzolanic activity of RHA. Cordeiro et al. [74] investigated the influence
of particle size and specific surface area on the reactivity of residual RHA. They found
that finer particles and higher specific surface area correlated with increased pozzolanic
activity. This suggests that the fineness of RHA particles promotes better contact and
reaction with calcium hydroxide, leading to enhanced pozzolanic properties. Further-
more, the pre-treatment of RHA has been explored as a means to enhance its pozzola-
nic activity. Feng et al. [89] investigated the effect of hydrochloric acid pre-treatment on
RHA. They found that the acid treatment increased the silica content and surface area
of RHA, resulting in improved pozzolanic activity. The acid treatment was believed to
remove impurities and activate the surface of RHA, enhancing its reactivity.
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Fig. 7 Strength activity indices of mortars with 10% RHA replacement under fixed flow condition [90]
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In a study by Wansom et al. [90], impedance spectroscopy was employed to charac-
terise the pozzolanic activity of RHA. The compressive strengths of mortars with 10%
RHA replacement under fixed flow condition, corresponding to the strength activity
indices are presented in Fig. 7. The calculations are based on the plain mortar compres-
sive strengths of 21.48, 32.36 and 43.25 MPa at 3, 7 and 28 days, respectively. The results
demonstrated that RHA exhibited significant reactivity when mixed with lime and water,
leading to the formation of calcium silicate hydrate gel, a key contributor to the strength
and durability of cementitious materials. The impedance spectroscopy technique pro-
vided valuable insights into the pozzolanic reaction kinetics and confirmed the pozzo-
lanic nature of RHA. Understanding the origin of the pozzolanic effect of rice husks has
also been a subject of investigation. Jauberthie et al. [91] explored the factors contribut-
ing to the pozzolanic activity of rice husks. They identified the silica content and the
presence of amorphous silica in rice husks as the key factors responsible for their pozzo-
lanic behaviour. The amorphous silica in rice husks undergoes a chemical reaction with
calcium hydroxide, forming additional cementitious compounds.

These studies collectively demonstrate the importance of various factors in determin-
ing the pozzolanic activity of RHA. The amorphous silica content, surface area, particle
size, specific surface area and pre-treatment techniques all contribute to the reactivity
and performance of RHA as a supplementary cementitious material. By understanding
these factors, researchers and engineers can optimise the utilisation of RHA in cementi-
tious materials and enhance the properties of concrete structures. The pozzolanic activ-
ity of RHA not only enhances the mechanical properties of cement-based materials,
such as increased compressive strength and reduced permeability but also contributes
to the sustainability of the construction industry. By incorporating RHA as a partial
replacement for cement, the demand for cement production can be reduced, resulting in
lower carbon emissions and minimising environmental impact.

3.2 Influence of RHA on cementitious systems

Building on the pozzolanic behavior described earlier, RHA’s interaction with calcium
hydroxide contributes to the development of additional C-S-H gel. This enhances the
density and strength of the cementitious matrix, leading to better durability and mechan-
ical performance [92]. This increased density and strength contribute to improved per-
formance and durability of the cementitious system. The pozzolanic reaction of RHA
leads to improved strength development in cementitious systems. The reaction between
RHA and calcium hydroxide occurs at an accelerated rate, promoting the early-age
and long-term hydration of cementitious materials [93]. As a result, the formation of
additional C-S-H gel enhances the compressive strength, flexural strength and tensile
strength of the cementitious system. This strength enhancement is beneficial in various
applications where high strength is required, such as structural concrete elements. RHA
has a significant influence on the workability and rheological properties of cementitious
systems. When properly proportioned, RHA acts as a filler material in the concrete mix,
reducing the water demand and increasing the viscosity [94—96]. This improved work-
ability allows for easier handling, pumping and placing of the concrete. The increased
cohesiveness of the mix helps in achieving better consolidation and reduces the risk
of segregation. Consequently, the use of RHA can improve construction efficiency and
productivity.
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Incorporating RHA into cementitious systems contributes to enhanced durability.
RHA improves the microstructure of the cementitious matrix by filling the voids and
refining the pore structure [97-99]. This results in a denser and more impermeable con-
crete, reducing the ingress of aggressive substances such as chlorides and sulphates. By
minimising the penetration of these harmful ions, RHA helps mitigate corrosion of rein-
forcing steel and the alkali-aggregate reaction. The improved durability extends the ser-
vice life of the cementitious system, making it more resistant to deterioration over time.
RHA can influence the thermal properties of cementitious systems. The incorporation
of RHA can improve insulation properties and reduce thermal conductivity. This is par-
ticularly beneficial in applications that require thermal insulation, as the reduced heat
transfer through the concrete helps in maintaining desired temperatures. By enhancing
the thermal performance, RHA can contribute to energy savings and improved comfort
in buildings.

Utilising RHA in cementitious systems offers sustainability and environmental ben-
efits. RHA is an agricultural waste product obtained from the burning of rice husks,
making it a renewable and readily available resource. By incorporating RHA as a sup-
plementary cementitious material, the consumption of traditional cement materials can
be reduced, resulting in lower carbon dioxide emissions and conservation of natural
resources. This promotes sustainable practices and waste management, aligning with
efforts to minimise environmental impact. In addition to its technical and environmen-
tal advantages, RHA can provide cost benefits in cementitious systems. As a by-product
of the rice industry, RHA is often available at a lower cost compared to other supple-
mentary cementitious materials. This cost advantage can contribute to overall project
savings without compromising the performance or quality of the cementitious system. It
is important to consider various factors when incorporating RHA into cementitious sys-
tems, such as the characteristics of RHA (such as fineness and chemical composition),
the dosage level, processing methods (such as grinding and blending) and specific appli-
cation requirements. Proper quality control, mix design optimisation and compatibility
testing are necessary to achieve the desired performance and maximise the benefits of
incorporating RHA in cementitious systems.

Jamil et al. [1] conducted a comprehensive study on the pozzolanic contribution of
RHA in cementitious systems. They investigated the effect of RHA dosage on the com-
pressive strength of concrete and found that an optimal dosage led to improved strength.
However, they cautioned that excessive amounts of RHA could negatively impact work-
ability and setting time. Their findings emphasise the importance of carefully controlling
the RHA dosage to balance the desired strength enhancement with the practical require-
ments of concrete production. Robler et al. [80] delved into the mesoporous structure
and pozzolanic reactivity of RHA. They investigated the relationship between the pres-
ence of mesopores in RHA and its enhanced pozzolanic activity. The study revealed that
the mesoporous structure provided a larger surface area for pozzolanic reactions, lead-
ing to improved mechanical properties of the cementitious system. This finding high-
lights the significance of the internal structure of RHA in determining its reactivity and
overall performance as a supplementary cementitious material.

Park et al. [100] focused on analysing the effects of RHA on the hydration kinetics of
cementitious materials. Their study demonstrated that RHA influenced the early hydra-
tion process, affecting the formation and growth of hydration products. The researchers
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emphasised the importance of understanding and controlling the hydration kinetics
when incorporating RHA into cementitious systems. Optimizing the dosage and timing
of RHA addition can lead to enhanced early strength development and improved long-
term performance. Msinjili et al. [101] investigated the impact of superplasticizers on
the rheology and early hydration kinetics of RHA-blended cementitious systems. They
found that the addition of superplasticizers improved the workability and early strength
development of RHA-based concrete. However, they cautioned against using excessive
dosages of superplasticizers, as it could negatively affect the long-term performance and
durability of the cementitious matrix. This study highlights the importance of consid-
ering the interaction between RHA and chemical admixtures when designing concrete
mixes.

Prasittisopin & Trejo [102] focused on the hydration and phase formation of RHA-
blended cementitious systems. They observed significant changes in the mineralogical
composition and microstructure due to the chemical transformation of RHA during
the hydration process. These transformations influenced the mechanical properties and
durability of the cementitious matrix. The findings suggest that the pozzolanic reaction
of RHA plays a vital role in improving the performance of cement-based materials and
understanding the underlying phase formation mechanisms is crucial for optimizing
its utilisation. Wang et al. [62] provided a comprehensive review of the action mecha-
nism of RHA and its effects on various performance aspects of cement-based materials.
They discussed the role of RHA in enhancing strength, reducing permeability, improving
durability and mitigating the environmental impact of cement production. The review
highlighted the potential benefits of incorporating RHA in cementitious systems and
emphasised the need for further research to fully understand the mechanisms involved
and to develop guidelines for the effective and sustainable use of RHA.

3.3 RHA as a sustainable SCM

RHA is widely recognised as a sustainable SCM due to its numerous environmental ben-
efits and positive impact on cementitious systems. One of the key advantages of RHA
is its origin as a by-product of the rice milling industry. Instead of being discarded as
waste, RHA is repurposed, providing a sustainable solution for waste management. This
utilisation of agricultural waste contributes to a circular economy by reducing the envi-
ronmental burden associated with its disposal.

Incorporating RHA as an SCM in cementitious systems offers significant reductions
in the carbon footprint of construction materials. The production of traditional cement,
which is primarily composed of clinker, is responsible for a significant amount of green-
house gas emissions. By partially replacing cement with RHA, the overall carbon diox-
ide emissions from cement production can be significantly reduced. This substitution
helps to mitigate climate change and aligns with global efforts to reduce greenhouse gas
emissions. Furthermore, RHA exhibits strong pozzolanic properties, meaning it reacts
with calcium hydroxide in the presence of water to form additional cementitious com-
pounds. This pozzolanic reaction leads to the formation of C-S-H gel, which enhances
the strength and durability of cementitious systems. The incorporation of RHA improves
the microstructure of the cementitious matrix, resulting in a denser and more imperme-
able material. This, in turn, reduces the permeability of the concrete, limiting the ingress
of aggressive substances such as chlorides and sulphates. By improving the durability,
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RHA extends the service life of concrete structures and reduces the need for frequent
repairs and replacements, further contributing to sustainable construction practices.

Moreover, RHA offers enhanced mechanical properties to cementitious systems. The
pozzolanic activity of RHA leads to improved strength development, including com-
pressive, flexural and tensile strengths. The additional cementitious compounds formed
during the reaction enhance the load-bearing capacity and structural performance of
the concrete. This improved strength allows for the construction of more robust and
resilient structures, which can withstand various external forces and environmental
conditions. In addition to its strength-enhancing properties, RHA also contributes to
improved energy efficiency in buildings. By enhancing the thermal insulation proper-
ties of cementitious systems, RHA reduces the thermal conductivity of concrete. This
means that buildings constructed with RHA-incorporated concrete have better insula-
tion, reducing the energy consumption required for heating and cooling. The improved
energy efficiency contributes to sustainable building practices and helps reduce the envi-
ronmental impact associated with energy consumption. Furthermore, the availability of
RHA at a lower cost compared to other supplementary cementitious materials makes it
an economically viable option. Its cost-effectiveness allows for cost savings in construc-
tion projects without compromising the performance or quality of the cementitious sys-
tem. This affordability makes RHA an attractive choice for contractors and builders who
are seeking sustainable and cost-efficient solutions.

Ahsan & Hossain [103] highlighted the supplemental use of RHA as a cementitious
material in the concrete industry. They discussed the sustainable aspects of RHA,
including its abundance as an agricultural waste by-product, its potential to replace a
portion of cement in concrete and the reduction in carbon emissions associated with
cement production. The study emphasised the environmental benefits of utilising RHA
as a sustainable SCM, contributing to the reduction of waste generation and carbon
footprint in the construction industry. Msinjili et al. [104] focused on the sustainable
aspects of RHA as a supplementary cementitious material for improving concrete prop-
erties. They discussed the potential of RHA in enhancing workability, reducing water
demand, improving strength and increasing the durability of concrete. The study high-
lighted the sustainable utilisation of RHA as a waste-derived material, contributing to
the conservation of natural resources and the reduction of environmental impacts asso-
ciated with cement production.

Memon et al. [105] investigated the production of eco-friendly concrete by incor-
porating RHA and polypropylene fibres. The study discussed the synergistic effect of
RHA and fibres in improving the mechanical properties, durability and sustainability
of concrete. The utilisation of RHA as a SCM in combination with other environmen-
tally friendly materials demonstrated the potential for producing eco-conscious concrete
with enhanced performance and reduced environmental impacts. Channa et al. [106]
analysed the combined use of sugarcane bagasse ash and RHA as SCM in concrete pro-
duction. The study explored the sustainable utilisation of agricultural by-products and
waste materials to reduce the consumption of traditional cement. The findings high-
lighted the potential of combining RHA with other supplementary materials to enhance
the properties of concrete while reducing the environmental burden of the construction
industry. Amin et al. [107] focused on the prediction and optimisation of sustainable
concrete utilising RHA as an SCM. The study emphasised the importance of optimizing
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Table 4 Quantitative comparison of sustainability metrics for conventional and RHA-Blended

concrete
Parameter OPC RHA-Con- Improve- Notes/Source
Concrete crete (20% ment/
RHA) Reduction
(%)

CO, Emissions (kg CO,/ton 910 728 1 20% Based on cement CO, fac-
concrete) tor=0.9 kg CO,/kg
Embodied Energy (MJ/kg binder) 52 4.0 123% Assumes RHA energy =0.5 MJ/

kg (waste-derived)
Compressive Strength (28 days, 40 44 1 10% Average based on literature
MPa) [e.g., Ganesan et al]
Water Permeability (m/s x 107 9.2 3.1 1 66% Indicates enhanced durability
Chloride Penetration (Coulombs) 3000 1100 1 63% ASTM C1202 Rapid Chloride Test
Lifecycle Cost over 30 yrs (%) 100 88 112% Based on reduced repair/

maintenance

the mix proportions and properties of RHA-blended concrete to achieve desired perfor-
mance while minimising environmental impacts. The research highlighted the potential
of advanced optimisation techniques for the efficient utilisation of RHA as a sustainable
SCM in concrete production. To quantitatively support the sustainability benefits dis-
cussed, Table 4 summarizes key indicators comparing conventional concrete and RHA-

blended concrete.

3.4 Classification of RHA
Pozzolans are typically classified into two categories according to ASTM C618:

+ Class F Pozzolans: These are naturally occurring or derived from the burning of
anthracite or bituminous coal. They contain at least 70% of the combined oxides SiO,
+ ALO; + Fe,O; and exhibit pozzolanic properties with little or no cementing value
alone.

+ Class C Pozzolans: These are often derived from sub-bituminous or lignite coal
and contain at least 50% of the combined oxides. Class C materials may have both

pozzolanic and cementitious properties.

Based on its chemical composition, particularly its high combined content of SiO,,
Fe,O; and ALO; (typically exceeding 85%), Rice Husk Ash (RHA) qualifies as a Class F
pozzolan. This classification highlights its effectiveness as a supplementary cementitious
material with strong pozzolanic activity, particularly when produced under controlled

combustion conditions.

4 Influence of RHA on concrete performance

4.1 Strength development and mechanical properties

The enhancement of compressive strength is one of the primary effects of RHA on
concrete. Numerous studies have demonstrated that the incorporation of RHA in con-
crete mixes leads to increased compressive strength compared to conventional concrete
[108-113]. This improvement can be attributed to the pozzolanic reaction between
RHA and calcium hydroxide. During this reaction, RHA reacts with calcium hydroxide
to form additional cementitious compounds, such as C-S-H gel. The formation of these
compounds contributes to a denser microstructure, resulting in improved compressive

strength. In addition to compressive strength, RHA also influences the flexural strength
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Fig. 8 Concrete compressive strength with different levels of RHA replacement [114]

and toughness of concrete. Furthermore, the inclusion of RHA in concrete leads to
reduced porosity and improved density of the concrete matrix. The pozzolanic reaction
between RHA and calcium hydroxide helps fill the voids and gaps in the concrete struc-
ture, resulting in a more compact and less permeable matrix. The reduction in porosity
improves the durability of concrete by limiting the ingress of moisture, chemicals and
aggressive substances. This enhanced resistance to penetration and deterioration pro-
cesses, such as freeze-thaw cycles and chemical attacks, enhances the long-term perfor-
mance and lifespan of concrete structures.

In the context of Ultra-High Performance Concrete (UHPC), the compressive
strength demonstrates a continuous increase up to a 30% replacement level with RHA,
as depicted in Fig. 8. Notably, when incorporating 30% RHA into UHPC, a compres-
sive strength of approximately 182 MPa can be attained after 28 days, exhibiting a 51%
improvement compared to concrete without RHA (0% RHA). This finding underscores
the exceptional reactivity of RHA as a pozzolanic material, which positively impacts the
Interfacial Transition Zone (ITZ) and microstructure, ultimately enhancing the strength
of the concrete. Nevertheless, it should be noted that surpassing the 30% RHA replace-
ment level leads to a reduction in the compressive strength of UHPC. The concrete
compressive strength of various volume of RHA by various scholars worldwide is sum-
marised in Table 5.

In Fig. 9, it is evident that the addition of 10% Silica Fume (SF) or 20% Rice Husk Ash
(RHA) in UHPC significantly improved its compressive strength compared to the con-
trol sample [117]. Furthermore, the level of compressive strength enhancement observed
in the samples with binary blends was comparable. When SF was incorporated, the high-
est compressive strength of UHPC was achieved with a 10% SF replacement of cement.
However, increasing the replacement level, particularly beyond 20%, resulted in a reduc-
tion in compressive strength. The utilization of RHA as a partial replacement for cement
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Table 5 Concrete compressive strength with different levels of RHA replacement by various
scholars worldwide

References w/b RHA (%) Superplasticiser (%) Compressive strength (MPa)
7 Day 28 Day 91 Day

Chopra & Siddique [115] 0.41 0 1 29.0 36.7 -
041 15 1 36.2 48.8 -
0.41 10 1 326 412 -
041 20 1 304 40.2 -

de Sensale [57] 0.50 20 35 37.2 429 -
038 0 1.8 328 48.5 -
0.50 40 35 28.1 335 -
0.50 30 35 35.1 409 -

Makul & Sua-iam [116] 0.31 10 2 484 54.8 726
0.22 0 2 559 65.0 828
0.75 40 2 138 19.1 264
0.46 20 2 21.2 280 396
117 60 2 83 104 148
218 100 2 15 20 26
1.80 80 2 2.8 4.1 57

Memon et al. [105] 038 5 35 252 380 -
0.40 0 35 10.5 284 -
036 10 35 225 36.2 -
038 5 4 214 378 -
0.40 0 4 6.8 18.3 -
0.36 10 4 36.8 414 -

Ganesan et al. [14] 0.51 0 0 272 383 -
0.58 10 1.2 280 44.8 -
0.57 5 1.2 276 433 -
0.66 20 1.2 29.7 46.0 -
0.60 15 1.2 293 457 -

exhibited a different pattern in compressive strength development. UHPC attained its
highest compressive strength when 10% RHA was used at 3 and 7 days, whereas 20%
RHA yielded the highest compressive strength at 28 and 91 days. These findings indicate
that RHA can be effectively employed to produce UHPC with a replacement level of less
than 30%.

The physical and chemical properties of RHA, including its particle size, specific sur-
face area and pozzolanic reactivity, play crucial roles in determining its influence on con-
crete performance. The particle size distribution of RHA affects the packing density and
workability of the concrete mix. Finely ground RHA particles can improve the packing
of cementitious materials, resulting in a more densely packed matrix. The high specific
surface area of RHA provides more active sites for the pozzolanic reaction, facilitating
the formation of additional cementitious compounds. However, it is important to con-
sider the quality and processing of RHA, as factors such as the combustion process and
the presence of impurities can affect its reactivity. Proper processing and quality control
of RHA are necessary to ensure consistent and reliable performance in concrete applica-
tions. By optimizing the physical and chemical properties of RHA, its influence on con-
crete performance can be effectively harnessed.

The studies by Bie et al. [118] and Madandoust et al. (2011) [119] both highlight the
positive effects of incorporating rice husk ash (RHA) on the mechanical properties of
concrete. Bie et al. [118] investigated the influence of burning conditions and RHA
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Fig.9 Compressive strength of UHPC samples vs. % SF (dotted line) or % RHA (solid line), w/b ratio=0.18 [117]

blending amounts on the mechanical behaviour of cement. Their findings indicated that
RHA improved the compressive strength and flexural strength of concrete. This suggests
that RHA can be a valuable supplementary material for enhancing the overall strength
of concrete structures. Madandoust et al. [119] focused on the mechanical proper-
ties assessment of RHA concrete, revealing a positive influence of RHA on the com-
pressive strength and other mechanical properties. These findings further support the
potential benefits of incorporating RHA in concrete mixes to improve their mechanical
performance. In a similar vein, the study conducted by Madandoust & Ghavidel [120]
explored the use of RHA in combination with waste glass powder. They investigated the
mechanical properties of concrete containing both RHA and waste glass powder as sup-
plementary materials. The results indicated an improvement in compressive and flex-
ural strength compared to plain concrete. This suggests that the combined use of RHA
with other supplementary materials can have synergistic effects, leading to enhanced
mechanical properties. The findings of this study provide insights into the potential of
utilising multiple supplementary materials in concrete mix design to achieve improved
mechanical performance.

Varadharajan et al. [121] emphasised the environmental benefits of incorporating RHA
and marble dust in concrete. Their study assessed the mechanical properties of concrete
mixes containing RHA and marble dust. The results demonstrated that RHA improved
the mechanical properties of concrete, including its compressive strength. Moreover,
the study highlighted the environmental advantages of using RHA and marble dust as
supplementary materials, indicating their potential for sustainable concrete production.
These findings highlight the potential of RHA as a greener alternative to conventional
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cementitious materials, promoting the use of waste by-products in construction. Liu et
al. [122] focused on the mechanical properties and microstructure of recycled aggregate
concrete incorporating RHA. The study investigated the effect of RHA addition on the
mechanical properties and microstructure of recycled aggregate concrete. The results
revealed that the inclusion of RHA enhanced the mechanical properties, such as com-
pressive strength and flexural strength, of recycled aggregate concrete. Furthermore,
the microstructure analysis indicated positive changes, suggesting improved interfacial
bonding and densification due to the presence of RHA. These findings are significant for
the field of sustainable construction, as incorporating RHA can help improve the perfor-
mance of recycled concrete and promote the use of recycled aggregates.

The study by Hesami et al. [9] examined the effects of RHA and fibre in pervious
concrete pavement. They investigated the mechanical properties, including compres-
sive strength and permeability, of pervious concrete incorporating RHA and fibre. The
results demonstrated improved mechanical properties and permeability compared to
plain pervious concrete. This suggests that the addition of RHA and fibre can enhance
both the strength and permeability of pervious concrete pavement. These findings have
implications for the design and construction of specialized concrete applications, such
as pervious pavements, where both strength and permeability are essential. Abolhasani
et al. [123] investigated the impact of RHA on calcium aluminate cement (CAC) con-
crete. The study focused on the mechanical properties and fracture toughness of CAC
concrete incorporating RHA. The findings highlighted the enhanced mechanical prop-
erties and fracture toughness resulting from RHA addition. This suggests that RHA has
the potential to improve the performance of specific types of concrete, such as those
containing calcium aluminate cement. The study’s results contribute to the understand-
ing of RHA’s effects on the mechanical behaviour of specialized concrete mixes. Hu et
al. [124] explored the effect of RHA on carbon sequestration, mechanical properties
and microstructure evolution. The study investigated the carbon sequestration poten-
tial, mechanical properties and microstructure changes of cement-based materials with
early-age carbonation treatment and RHA addition. The results revealed that RHA not
only improved the mechanical properties but also contributed to carbon sequestration,
addressing environmental concerns. The study’s findings highlight the multifaceted ben-
efits of incorporating RHA in cement-based materials, including improved mechanical
performance and environmental sustainability.

While 28-day compressive strength is commonly used as a benchmark in concrete
performance, it is important to note that pozzolanic concretes, including those contain-
ing Rice Husk Ash (RHA), often continue to gain strength well beyond 28 days. This
extended strength development is due to the ongoing pozzolanic reaction, where amor-
phous silica in RHA continues to react with calcium hydroxide over time, forming addi-
tional calcium silicate hydrate (C-S-H) gel. Studies have reported significant increases in
strength between 28 and 91 days, particularly when RHA replaces 10-30% of cement.
For instance, research cited in Table 3 shows compressive strengths improving by
20-35% beyond 28 days, depending on the mix design, curing conditions and fineness
of RHA. This long-term strength development makes RHA-concrete suitable for appli-
cations requiring durability and sustained load-bearing capacity, such as in structural
elements, pavements and precast components. Therefore, when evaluating the perfor-
mance of RHA-based concrete, it’s essential to consider longer-term testing (e.g., 56-day
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or 91-day compressive strength), especially for durability-critical or infrastructure-grade
applications.

4.2 Workability and rheological behaviour

The addition of RHA to concrete can have a significant impact on its workability, which
refers to how easily the concrete can be handled, placed and finished during construc-
tion. When RHA is properly proportioned and mixed with other concrete ingredients, it
acts as a filler material that helps reduce the water demand of the mix. This reduction in
water content can improve the cohesiveness and plasticity of the concrete, making it eas-
ier to work with. The presence of RHA particles enhances the particle packing and lubri-
cation within the mix, allowing for better flow and compaction. As a result, the concrete
becomes more manageable during construction activities such as pumping, placing and
compacting. It exhibits improved cohesion and is less prone to segregation or excessive
bleeding, ensuring a more uniform and consistent concrete placement.

The rheological behaviour of concrete, which refers to its flow and deformation char-
acteristics, plays a crucial role in its performance during mixing, transportation and
casting. The addition of RHA can significantly alter the rheological properties of con-
crete. When RHA particles are properly dispersed within the mix, they contribute to the
internal lubrication of the concrete, reducing friction between the particles and facilitat-
ing flow. This enhanced flowability and reduced resistance to movement improve the fill-
ing of formwork and the overall consolidation of the concrete. The presence of RHA also
improves the homogeneity of the mix and reduces the risk of segregation, ensuring a
more uniform distribution of materials throughout the concrete. Moreover, the addition
of RHA can influence the viscosity of the concrete, affecting its ability to flow and its
resistance to deformation. The specific characteristics of RHA, such as its particle size
and shape, surface area and chemical composition, can influence the degree of influence
on the rheological behaviour of the concrete.

Givi et al. [55] conducted a comprehensive assessment of the effects of rice husk
ash (RHA) particle size on the strength, water permeability and workability of binary
blended concrete. The study aimed to investigate the influence of different particle sizes
of RHA on the performance of concrete. The findings of the study revealed that the addi-
tion of RHA to the concrete mix resulted in changes in its workability. Specifically, it
was observed that as the particle size of RHA decreased, the workability of the concrete
decreased as well. This decrease in workability can be attributed to the increased surface
area of the finer particles, which tend to absorb more water and reduce the flowability of
the mix. Additionally, the study indicated that the incorporation of RHA led to increased
water permeability in the concrete, which can be attributed to the pozzolanic reaction
between RHA and the cementitious materials, resulting in the formation of additional
pores and channels in the concrete matrix.

Le et al. [125] focused on the effect of macro-mesoporous rice husk ash on the rheo-
logical properties of mortar formulated from self-compacting high-performance con-
crete. The researchers aimed to investigate how the addition of RHA influences the
flowability and viscosity of the mortar. The study demonstrated that the incorporation of
RHA led to improved flowability and viscosity of the mortar, indicating enhanced rheo-
logical behaviour. The presence of macro-mesoporous structures in the RHA was found
to contribute to the modification of the rheological properties of the mortar. These
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structures acted as filler material and improved the flowability of the mortar, allowing
for better distribution of the cementitious particles and reducing the risk of segrega-
tion. The improved viscosity of the mortar with the addition of RHA can be attributed
to the interaction between RHA particles Celik & Canakci [126] investigated the rheo-
logical properties of cement-based grout mixed with rice husk ash (RHA). The aim of
their study was to evaluate how the addition of RHA affects the flow behaviour and con-
sistency of the grout. The results indicated that the inclusion of RHA had a significant
impact on the rheological properties of the grout. Specifically, it was observed that the
addition of RHA led to an increase in viscosity and yield stress of the grout. This increase
in viscosity can be attributed to the presence of RHA particles, which acted as a filler
material and affected the flow behaviour of the grout. The higher yield stress observed
in the RHA-containing grout indicated an increase in the resistance to flow, resulting
in a more stable and cohesive mix. These findings suggest that the addition of RHA can
improve the rheological properties of cement-based grout, making it more suitable for
various construction applications.

Jittin & Bahurudeen [127] conducted a study to evaluate the rheological and durabil-
ity characteristics of binary and ternary cementitious systems incorporating sugarcane
bagasse ash and rice husk ash (RHA). The researchers aimed to investigate how the
combination of these supplementary cementitious materials influences the flowability
and stability of the cementitious mixes. The study findings demonstrated that the inclu-
sion of RHA contributed to improved rheological properties in both binary and ternary
cementitious systems. The presence of RHA particles enhanced the flowability of the
mixes and increased their stability, reducing the risk of segregation and ensuring uni-
form distribution of the cementitious materials. The improved rheological behaviour of
the cementitious mixes incorporating RHA suggests the potential for its effective utilisa-
tion in various construction applications where desired flow characteristics and stability
are essential. Medina et al. [128] focused on the design and characterisation of ternary
cements containing RHA and fly ash. The aim of their study was to investigate how the
inclusion of RHA affects the rheological behaviour of the cementitious systems. The
research revealed that the addition of RHA resulted in changes in the rheological prop-
erties of the cementitious systems. The yield stress and plastic viscosity of the ternary
cements were found to be influenced by the presence of RHA. The incorporation of RHA
led to an increase in yield stress, indicating an enhancement in the resistance to flow and
affected the plastic viscosity, which is related to the internal friction and deformability
of the cementitious systems. These findings suggest that RHA can modify the rheologi-
cal behaviour of cementitious systems, potentially leading to improved performance in
terms of flow, stability and overall workability.

Singh & Singh [129] conducted a study to investigate the influence of RHA on the rhe-
ology of conventional concrete. The researchers aimed to examine how the addition of
RHA affects the flow behaviour and consistency of the concrete mix. The study findings
indicated that the incorporation of RHA resulted in an increase in yield stress and vis-
cosity of the concrete mix. This increase in yield stress suggests a higher resistance to
flow, indicating a more stable and cohesive mix. The increased viscosity of the concrete
with the addition of RHA can be attributed to the interaction between RHA particles
and the water present in the mix, leading to changes in the internal friction and deform-
ability of the concrete. These findings suggest that the presence of RHA can modify
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the rheological behaviour of conventional concrete, which can have implications for its
workability and overall performance in construction applications.

The influence of RHA on the workability and rheological behaviour of concrete is
influenced by various factors, including RHA particle size, cementitious system compo-
sition and mix proportions. While some studies reported a decrease in workability and
others demonstrated improvements in rheological properties, it is evident that RHA can
modify the flow characteristics and viscosity of concrete. Understanding these effects is
essential for optimizing concrete mixes incorporating RHA and developing guidelines
for its effective utilisation in construction applications. Further research is necessary
to explore the mechanisms underlying these influences and to establish comprehensive
guidelines for incorporating RHA to achieve desired workability and rheological proper-
ties of concrete.

4.3 Hydration and microstructure

The presence of RHA in the mix accelerates the hydration process by providing addi-
tional reactive silica and alumina. These components act as nucleation sites, promoting
the early formation of hydration products. As a result, the concrete exhibits improved
early-age strength development and reaches desired strength milestones at a faster rate.
This accelerated hydration is beneficial in time-sensitive construction projects where
early strength gain is critical. Moreover, the pozzolanic reaction between RHA and cal-
cium hydroxide has an important effect on the composition of the concrete. Calcium
hydroxide, a by-product of cement hydration, is considered less desirable for long-term
durability. By consuming excess calcium hydroxide, RHA contributes to refining the
microstructure of the concrete. The reaction with RHA results in the formation of addi-
tional C-S-H gel, which fills the voids and pores within the cementitious matrix. This
refinement of the microstructure leads to a denser and more compact concrete, reduc-
ing the permeability and improving its resistance to chemical attacks and degradation
over time.

The incorporation of RHA also contributes to the refinement of the pore structure
in concrete. The additional C-S-H gel formed through the pozzolanic reaction fills the
voids and pores within the cementitious matrix. This process reduces the overall poros-
ity of the concrete, improving its density and impermeability. The refined pore struc-
ture restricts the ingress of harmful substances, such as chlorides and sulphates, which
can cause deterioration and corrosion of the reinforcement. The reduced permeability
enhances the long-term durability and service life of the concrete. Additionally, the influ-
ence of RHA on concrete hydration is reflected in its impact on strength development.
The formation of additional C-S-H gel through the pozzolanic reaction contributes to
enhanced bonding between cementitious particles. This improved bonding results in
increased compressive, flexural and tensile strengths of the concrete. The inclusion of
RHA can lead to a concrete mix with improved mechanical properties, making it suit-
able for applications that require high strength and structural integrity.

The influence of RHA on the hydration of concrete has been the subject of numer-
ous studies. These investigations have shed light on how the addition of RHA affects
the hydration process, including the kinetics of cement hydration and the resulting
microstructure. The following discussion expands on the findings from several stud-
ies in this field. Van Tuan et al. [130] explored the hydration and microstructure of
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ultra-high-performance concrete incorporating RHA. The study revealed that the addi-
tion of RHA led to changes in the hydration behaviour of the concrete. The research-
ers observed an acceleration in the early stages of hydration, which can be attributed
to the high reactivity of RHA. The incorporation of RHA promoted the formation of
additional hydration products, such as C-S-H gel and calcium aluminate hydrate (C-A-
H) gel. These additional hydration products contributed to the refinement of the micro-
structure, resulting in a denser and more compact concrete matrix.

Park et al. [100] conducted an analysis of the effects of RHA on the hydration of
cementitious materials. The study demonstrated that the presence of RHA affected the
hydration kinetics of cement. The researchers observed a delay in the early hydration
period, indicating a slower rate of hydration. This delay can be attributed to the pozzo-
lanic reaction between RHA and the cementitious materials, which consumes a portion
of the available water and slows down the hydration process. The incorporation of RHA
also led to the formation of additional C-S-H gel, contributing to the densification of the
microstructure. Xu et al. [131] investigated the effect of RHA fineness on the porosity
and hydration reaction of blended cement paste. The study revealed that the fineness of
RHA had a significant impact on the hydration process. The researchers found that finer
RHA particles resulted in a higher degree of hydration and a lower porosity compared
to coarser particles. The finer RHA particles provided a larger surface area for pozzo-
lanic reactions, leading to the formation of additional hydration products. This finding
highlights the importance of RHA particle size in optimizing the hydration process and
improving the microstructure of the cement paste.

Liu et al. [132] focused on the effect of RHA on the early hydration behaviour of mag-
nesium phosphate cement. The study demonstrated that the addition of RHA affected
the hydration process of the cement. The researchers observed an increase in the setting
time and a decrease in the heat release rate, indicating a delay in the hydration reaction.
This delay can be attributed to the adsorption of water by RHA particles, which reduces
the available water for the hydration process. The incorporation of RHA also influenced
the microstructure of the cement, resulting in a denser and more compact structure.
Singh & Rai [133] explored the effect of polyvinyl alcohol (PVA) on the hydration of
cement with RHA. The study revealed that the presence of PVA influenced the hydration
process and the microstructure of the cement. The researchers observed an acceleration
in the hydration reaction and the formation of additional hydration products in the pres-
ence of PVA. This acceleration can be attributed to the nucleating effect of PVA, which
enhances the formation of hydration products. The incorporation of RHA further influ-
enced the hydration behaviour, contributing to the refinement of the microstructure.

The studies reviewed indicate that the addition of RHA significantly influences the
hydration process of concrete. The presence of RHA affects the hydration kinetics, lead-
ing to either an acceleration or a delay in the hydration reaction, depending on various
factors such as RHA reactivity and particle size. The incorporation of RHA also pro-
motes the formation of additional hydration products, contributing to the refinement
and densification of the microstructure. These findings highlight the potential of RHA as
a supplementary cementitious material in enhancing the hydration characteristics and
improving the performance of concrete. It is important to consider several factors when
incorporating RHA into concrete mixes. The quality and properties of RHA, such as its
fineness, chemical composition and dosage, should be carefully evaluated to optimise
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its effectiveness. The water-to-cement ratio and curing conditions also play a significant
role in achieving the desired hydration characteristics. Proper mix design and optimisa-
tion are crucial to ensure the successful integration of RHA and to harness its positive
influence on the hydration process of concrete.

4.4 Shrinkage and creep characteristics

The RHA on the shrinkage and creep behaviour of concrete has been a topic of research
interest. Shrinkage refers to the decrease in volume of concrete due to moisture loss,
while creep refers to the time-dependent deformation of concrete under sustained load-
ing. Studies have shown that incorporating RHA into concrete can help mitigate shrink-
age and reduce the potential for cracking [134, 135]. RHA acts as a pozzolanic material,
reacting with calcium hydroxide in the presence of water to form additional C-S-H gel.
This densifies the microstructure of concrete, reducing pore connectivity and limiting
the movement of moisture. As a result, the drying shrinkage of concrete is reduced. Fur-
thermore, the fine particle size and high specific surface area of RHA promote a better
packing effect, leading to improved interfacial transition zones and reduced permeabil-
ity. This can help mitigate the ingress of moisture into the concrete, thereby minimising
the potential for shrinkage.

Regarding creep, the addition of RHA has shown potential in reducing the creep
deformation of concrete [136, 137]. The formation of additional C-S-H gel due to the
pozzolanic reaction with RHA leads to a more compact and denser microstructure. This
enhanced microstructure restricts the movement of water and diffusion of ions, thereby
decreasing the long-term creep deformation. The specific influence of RHA on shrink-
age and creep may vary depending on factors such as RHA content, particle size distri-
bution, curing conditions and mix design. Optimal dosage and particle size distribution
need to be carefully determined to achieve the desired reduction in shrinkage and creep.

It is important to note that while RHA can contribute to shrinkage and creep reduc-
tion, other factors such as proper mix design, adequate curing and control of environ-
mental conditions also play significant roles. Therefore, a comprehensive approach is
required to effectively manage shrinkage and creep in concrete, taking into account the
incorporation of RHA along with other strategies. Further research is needed to fully
understand the mechanisms and optimise the use of RHA to control shrinkage and
creep in different concrete applications. By improving our understanding of RHA'’s influ-
ence on these properties, engineers and researchers can enhance the performance and
durability of concrete structures.

4.5 Durability

One significant aspect of concrete durability is its resistance to chloride ion penetra-
tion, which is crucial for protecting the reinforcing steel within the structure. When
chloride ions infiltrate the concrete, they can initiate and accelerate the corrosion pro-
cess of the steel reinforcement, leading to structural deterioration and compromised
strength. In recent studies, the incorporation of RHA in concrete has demonstrated a
positive impact on reducing the ingress of chloride ions [6, 17, 55, 115]. This effect can
be attributed to several mechanisms associated with RHA. Firstly, the inclusion of RHA
contributes to the densification of the pore structure within the concrete matrix. The

fine particles of RHA fill the gaps between cement grains, resulting in a more compact
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Fig. 10 Relationship between the chloride penetration depth of concrete and the ground rice husk ash replace-
ment level. (a) RA concrete, (b) RB concrete [138]

and less permeable structure. This densification restricts the movement and penetra-
tion of chloride ions through the concrete. Secondly, RHA contains pozzolanic materi-
als and reactive silica, which react with the calcium hydroxide present in the cement
hydration process. This reaction forms additional C-S-H gel, which further contributes
to the densification of the concrete matrix. The increased amount of C-S-H gel enhances
the overall impermeability of the concrete, acting as a barrier against chloride ion pen-
etration. By reducing the ingress of chloride ions, the presence of RHA in concrete pro-
vides a protective effect on the reinforcing steel. The reduced exposure to chloride ions
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minimises the risk of corrosion initiation and propagation, extending the service life of
the concrete structure. This is particularly beneficial in environments with high chloride
content, such as coastal areas or structures in close proximity to de-icing salts.

In a study by Rattanachu et al. [138], Fig. 10 illustrates the relationship between the
replacement level of Ground Rice Husk Ash (GRHA) and the depth of chloride pen-
etration in different types of concrete mixtures. The concrete mixtures included RA
(100% river sand and 100% Recycled Aggregate (R-CA)) and RB (100% R-CA and 100%
Recycled Fine Aggregate (R-FA)) concretes. The incorporation of GRHA in the concrete
mixtures demonstrated a positive impact on the resistance of Recycled Aggregate Con-
crete (RAC) against chloride penetration. For instance, when R-CA replaced crushed
limestone in the concrete, the chloride penetration depths into RA20, RA35 and RA50
concretes at 90 days were 13.9 mm, 10.4 mm and 6.4 mm, respectively. These depths
increased to 17.8 mm, 12.8 mm and 9.6 mm at 180 days. In comparison, the chloride
penetration depths for the control (CT) concrete were 17.6 mm and 22.9 mm at 90 and
180 days, respectively. Similarly, when recycled aggregates completely replaced natural
aggregates, the chloride penetration depths into RB20, RB35 and RB50 concretes at 90
days were 15.5 mm, 12.1 mm and 8.7 mm, respectively, increasing to 21.1 mm, 14.9 mm
and 12.2 mm at 180 days. These results indicate that the chloride resistance of RAC
improved with increasing levels of GRHA replacement.

In addition to its influence on chloride ion penetration and sulphate attack, the incor-
poration of RHA in concrete has a positive impact on the resistance to alkali-silica
reaction (ASR). ASR is a chemical reaction that occurs between the alkalis present in
the concrete, typically derived from cement and the reactive silica present in certain
aggregates. This reaction can lead to the formation of a gel-like substance, resulting
in concrete cracking, expansion and reduced durability. RHA, being a source of reac-
tive silica, plays a beneficial role in mitigating ASR [139]. When RHA is included in the
concrete mix, the reactive silica in RHA reacts with the alkalis, consuming them and
preventing their participation in the ASR reaction. This consumption of alkalis reduces
the availability of alkalis for the ASR reaction to occur and diminishes the potential for
damage. By incorporating RHA, the concrete matrix becomes more resistant to ASR-
induced cracking and expansion. The presence of RHA helps control the expansion of
the concrete by consuming the alkalis responsible for the reaction with reactive silica
in the aggregates. This improves the long-term durability of the concrete, especially in
environments where the risk of ASR is high. By reducing the occurrence of ASR, the
incorporation of RHA in concrete enhances its durability and extends its service life. The
consumption of alkalis by the reactive silica in RHA minimises the potential for crack-
ing and expansion, improving the structural integrity and long-term performance of the
concrete. This makes RHA a valuable additive for concrete used in environments where
the risk of ASR is a concern, such as regions with reactive aggregates or exposure to
alkali-rich environments.

The inclusion of RHA in concrete modifies the carbonation process and improves the
concrete’s resistance to carbon dioxide ingress [140, 141]. RHA contains reactive com-
ponents, such as amorphous silica and unburned carbon, which interact with calcium
hydroxide. During hydration, these components react with calcium hydroxide to form
additional calcium carbonate. This reaction between RHA and calcium hydroxide has
several beneficial effects on the carbonation resistance of concrete. Firstly, it leads to the
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densification of the concrete matrix. The formation of calcium carbonate fills the pores
and voids, reducing the interconnected porosity and decreasing the diffusion pathways
for carbon dioxide. This densification impedes the penetration of carbon dioxide into
the concrete and reduces the depth of carbonation. Secondly, the reaction between RHA
and calcium hydroxide consumes the calcium hydroxide available in the concrete. As a
result, the concentration of free calcium hydroxide decreases, limiting the availability of
this alkali compound for carbonation to occur. This reduction in free calcium hydroxide
content slows down the carbonation process and enhances the concrete’s resistance to
carbon dioxide penetration. By enhancing the resistance to carbonation, the incorpo-
ration of RHA in concrete helps maintain the alkaline environment necessary to pro-
tect the embedded steel reinforcement from corrosion. The densification of the concrete
matrix and the reduction in free calcium hydroxide availability contribute to the overall
durability and long-term performance of the concrete.

It is important to note that the effectiveness of RHA in improving concrete durabil-
ity depends on several factors, including the RHA content, particle size, curing condi-
tions and mix design. Optimal dosage and appropriate incorporation techniques should
be considered to achieve the desired durability enhancements in concrete. Overall, the
utilisation of RHA in concrete offers promising benefits for enhancing the durability
of concrete structures. However, it is essential to conduct thorough testing, monitor-
ing and assessment to validate the long-term performance of RHA-incorporated con-
crete in specific environmental conditions and exposure scenarios. Continuous research
and development in this area will further advance our understanding of the influence
of RHA on concrete durability and ensure its successful implementation in real-world

applications.

5 Applications of RHA

5.1 Structural applications

RHA has gained significant recognition for its applications in various structural ele-
ments and systems within the construction industry. One of the primary uses of RHA
is as a partial replacement for cement in the production of concrete, offering numerous
benefits in structural applications [11, 16, 103, 142]. By incorporating RHA into the con-
crete mix, the mechanical properties of the material can be significantly improved. RHA
acts as a pozzolanic material, reacting with calcium hydroxide in the presence of water
to form additional CSH gel. This leads to enhanced strength, increased durability and
improved resistance to chemical attacks, such as sulphate and chloride ingress.

In the construction of bridges, RHA has been successfully utilised to enhance the per-
formance and longevity of bridge decks. By replacing a portion of the cement with RHA,
the resulting concrete exhibits higher tensile and flexural strengths, improved abrasion
resistance and enhanced resistance to cracking. This enables the bridge decks to with-
stand heavy traffic loads and environmental stresses, ensuring their long-term struc-
tural integrity. RHA has also found applications in the production of high-performance
concrete (HPC), which is used in various structural elements such as columns, beams
and slabs. HPC incorporating RHA exhibits superior mechanical properties, includ-
ing higher compressive and flexural strengths, improved durability and reduced per-
meability. This makes it an ideal choice for critical structural components that require
exceptional strength, durability and resistance to environmental factors. Additionally,
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RHA has been employed in the development of lightweight concrete, which is advanta-
geous in applications where weight reduction is a key consideration [143, 144]. Light-
weight concrete with RHA offers reduced density while maintaining adequate strength
and durability. This makes it suitable for high-rise buildings, precast elements and other
structures where the overall weight needs to be minimised without compromising struc-
tural performance.

5.2 Non-Structural applications

RHA is not limited to structural applications but also finds diverse uses in various non-
structural applications within the construction industry. Its unique properties make it
a versatile material for enhancing the performance and sustainability of different con-
struction elements. In the field of pavement engineering, RHA has been successfully
employed as a mineral admixture in the production of asphalt concrete [145, 146]. By
incorporating RHA into the asphalt mix, the mechanical properties of the pavement
can be improved, including increased stiffness, reduced rutting, enhanced resistance to
cracking and improved durability. This allows for the construction of durable and long-
lasting roads with improved performance under heavy traffic loads. RHA is also widely
used in the production of mortar and plaster [147—149]. As a partial replacement for
cement in these applications, RHA enhances the workability, setting time and strength
development of mortar mixes. It improves the adhesion properties, reduces shrinkage
and enhances the overall performance of plaster. This makes RHA an excellent choice for
applications such as plastering walls, rendering surfaces and tile fixing.

In soil stabilisation, RHA has been employed as an additive to improve the properties
of soil for road construction and geotechnical engineering projects [150—153]. By blend-
ing RHA with soil, the stability, strength and load-bearing capacity of the soil can be
enhanced. This is particularly beneficial in areas with weak or expansive soils, where the
addition of RHA helps mitigate issues such as settlement, erosion and swelling. More-
over, RHA has found applications in the production of lightweight aggregates. By heat-
ing RHA at high temperatures, it can be transformed into porous lightweight aggregates
with low density. These aggregates are used in lightweight concrete, precast elements
and insulation materials, offering excellent thermal insulation properties and reducing
the overall weight of structures without compromising their strength.

6 Challenges and limitations of RHA utilisation

Despite the promising benefits of RHA in concrete applications, several limitations and
challenges must be acknowledged. One significant concern is the regional variation in
RHA composition. The chemical makeup of RHA, particularly its silica content, is highly
dependent on the geographical origin and type of rice cultivated. This variation can lead
to inconsistencies in pozzolanic reactivity, affecting the performance and reliability of
RHA-based concrete across different regions. Another critical factor is the variability
in combustion techniques used to produce RHA. The method and conditions of com-
bustion—such as temperature, duration, and oxygen availability—greatly influence the
ash’s physical and chemical properties. Improper combustion may result in high carbon
content or crystalline silica formation, which can impair its effectiveness as a supple-
mentary cementitious material. Additionally, the long-term durability of RHA-modified

concrete under diverse climatic conditions remains an area requiring further research.
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While laboratory tests show enhanced strength and resistance, real-world performance
under freeze-thaw cycles, high humidity, or aggressive chemical exposure has not been
comprehensively validated. These environmental factors can impact the longevity and
structural integrity of RHA-based concrete, highlighting the need for field studies and
performance monitoring over extended periods.

6.1 Quality and consistency of RHA

The quality and consistency of RHA play a pivotal role in its successful utilisation in con-
crete. RHA is obtained through the burning of rice husks and its properties can exhibit
considerable variations depending on various factors, such as the burning conditions,
temperature and duration. These inherent variations in RHA can significantly impact its
chemical composition, particle size distribution and reactivity, consequently affecting its
performance and effectiveness in concrete applications [154].

One of the key challenges is ensuring a reliable and consistent supply of high-qual-
ity RHA [155]. Different regions and rice processing industries may produce RHA with
diverse characteristics due to variations in rice varieties, husk storage conditions and
combustion processes employed. This variability poses difficulties in establishing uni-
form standards and specifications for RHA usage in concrete. Moreover, the presence of
contaminants, such as unburned rice husk particles or impurities introduced during the
burning process, can further complicate the quality and consistency of RHA [156, 157].
To address these challenges, it is imperative to implement rigorous quality control mea-
sures throughout the RHA production chain. This includes defining standardised proto-
cols for rice husk burning, storage and transportation to minimise variations and ensure
consistent quality. Regular testing and analysis of RHA samples should be conducted to
evaluate their chemical composition, fineness and pozzolanic activity, providing a clear
understanding of their performance potential in concrete mixes. Collaborative efforts
between rice millers, researchers and concrete producers can facilitate the development
of comprehensive guidelines for RHA quality assessment, thereby promoting consistent
sourcing practices and enhancing the reliability of RHA supply.

Furthermore, establishing robust supply chains and fostering partnerships between
rice processing industries and the construction sector are essential for maintaining
a steady and dependable source of RHA with consistent quality characteristics. These
partnerships can facilitate the exchange of knowledge and expertise, enabling rice mill-
ers to enhance their RHA production processes and meet the specific requirements of
the concrete industry. Additionally, collaboration can contribute to the development of
traceability systems and certification schemes, ensuring transparency and accountability
in the RHA supply chain. Addressing the challenges associated with the quality and con-
sistency of RHA is crucial for maximizing its benefits in concrete production. By imple-
menting stringent quality control measures, fostering collaboration among stakeholders
and establishing industry-wide standards and guidelines, the utilisation of RHA can be
optimised. This will not only contribute to sustainable and eco-friendly construction
practices but also promote the production of high-performance concrete with improved
mechanical properties, durability and long-term performance.
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6.2 Potential adverse effects

While RHA offers several advantages in concrete applications, it is important to consider
potential adverse effects that may arise from its utilisation. These effects can arise from
various factors, including the quality and characteristics of RHA, as well as its interac-
tion with other components of concrete. Understanding and mitigating these potential
adverse effects are crucial to ensure the long-term performance and durability of con-
crete structures.

One of the concerns related to RHA utilisation is its potential impact on the workabil-
ity of concrete mixes [55]. RHA, when present in high quantities or with specific proper-
ties, can significantly affect the rheological behaviour and flowability of fresh concrete.
Excessive RHA content or improper particle size distribution may lead to increased
viscosity and reduced workability, making it challenging to properly place and compact
the concrete. Therefore, careful consideration of RHA dosage and its compatibility with
other admixtures and aggregates is necessary to maintain the desired workability of the
concrete mix. Another potential adverse effect is the risk of increased drying shrinkage
in concrete containing RHA [158]. Due to the high silica content of RHA, it possesses
pozzolanic properties that contribute to the formation of additional calcium silicate
hydrates during the hydration process. While this can enhance the strength and dura-
bility of concrete, it can also lead to increased autogenous and drying shrinkage. The
excessive shrinkage may result in cracking and reduced service life of the concrete struc-
ture. Therefore, proper mix design considerations, such as incorporating supplementary
cementitious materials or using shrinkage-reducing admixtures, should be employed to
mitigate the potential adverse effects of drying shrinkage.

Furthermore, the chemical composition of RHA can introduce certain challenges in
concrete durability. RHA contains high levels of unburned carbon, which may act as
a potential source of organic compounds and promote the development of microor-
ganisms. These organic compounds can lead to microbial-induced corrosion, espe-
cially in environments with high moisture and oxygen levels. To prevent such adverse
effects, proper curing and moisture control practices should be employed to minimise
the availability of nutrients for microbial growth. Moreover, the presence of impurities
or contaminants in RHA, such as heavy metals or unburned husk particles, may pose
environmental and health concerns [159, 160]. These impurities can leach into the sur-
rounding environment or affect the air quality during RHA handling and processing.
Therefore, stringent quality control measures should be implemented to ensure that
RHA meets regulatory standards and guidelines for environmental and occupational
safety. The understanding the potential adverse effects associated with RHA utilisation
in concrete is essential for its responsible and sustainable application. Through proper
quality control, mix design considerations and adherence to environmental and safety
regulations, the adverse effects can be mitigated, allowing for the realization of the bene-
fits of RHA in enhancing concrete performance while ensuring long-term durability and
structural integrity.
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6.3 Standardisation and guidelines

Standardisation and guidelines play a crucial role in addressing the challenges associated
with the utilisation of RHA in concrete. One key challenge is the quality and consistency
of RHA. Establishing standardised procedures for RHA production, including burning
conditions and processing methods, can help ensure a consistent quality of RHA. By
controlling parameters such as temperature, residence time and air supply during the
burning process, variations in the physical and chemical properties of RHA can be mini-
mised. This enables concrete producers to have a reliable and consistent source of RHA,
leading to improved quality and performance of RHA-based concrete.

Characterisation of RHA is another important aspect that can be addressed through
standardisation. Guidelines can provide clear instructions on the testing methods and
parameters to be evaluated, such as particle size distribution, specific surface area,
chemical composition and pozzolanic activity. Standardised characterisation methods
help in accurately measuring the properties of RHA, allowing concrete producers to
select the most suitable RHA for their specific application. Consistent characterisation
also facilitates the comparison of different RHA sources and helps determine the opti-
mal dosage in concrete mixes.

Potential adverse effects of RHA on concrete properties need to be addressed as well.
Standardised guidelines can define testing procedures to evaluate the impact of RHA
on workability, setting time, early-age strength development and long-term durability of
concrete. By understanding these effects, concrete producers can assess the risks associ-
ated with incorporating RHA and take appropriate measures to mitigate any negative
impact. This ensures that the desired performance and durability of RHA-based concrete
are achieved. Dosage guidelines for RHA in concrete mixes are essential for optimizing
its use. Standardised recommendations can specify the percentage of RHA replacement
for cement based on the desired strength, workability and durability requirements. Hav-
ing clear dosage guidelines allows concrete producers to utilise RHA effectively with-
out compromising the overall properties of the concrete. This promotes consistency
and uniformity in RHA utilisation, facilitating its integration into concrete production
processes.

Compatibility with other concrete ingredients is another area where guidelines can
provide valuable insights. Recommendations can be provided for the selection of suit-
able materials and proportions to ensure optimal interactions between RHA and
cement, aggregates and admixtures. Standardised guidelines assist concrete producers
in making informed decisions during mix design, considering the specific characteristics
of RHA and its potential influence on the behaviour of other concrete components. This
ensures that the RHA-based concrete maintains its desired properties while avoiding
any adverse effects on workability, setting and long-term performance. Guidelines can
also cover the curing and handling of RHA-based concrete. They can specify the appro-
priate curing duration, temperature and moisture control to promote optimal hydration
and achieve the desired strength and durability of the concrete. Proper handling, storage
and disposal practices can be outlined to ensure environmental sustainability and occu-
pational safety throughout the lifecycle of RHA-based concrete structures.
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7 Future perspectives and research opportunities

7.1 Potential innovations in RHA utilisation

The utilisation of RHA in concrete has gained significant attention in recent years due
to its potential as a sustainable and supplementary cementitious material. Researchers
and industry professionals have been exploring various innovative approaches to fur-
ther enhance the utilisation of RHA in concrete. Here, we discuss some potential inno-
vations in RHA utilisation that show promise for improving concrete performance and
sustainability.

1. Nanostructured RHA: Researchers have been exploring the production of
nanostructured RHA through various grinding and milling techniques [161-164]. By
reducing the particle size of RHA, the surface area is significantly increased, leading
to enhanced reactivity and pozzolanic properties. The smaller particle size allows for
better distribution and interaction with cementitious materials, resulting in improved
strength development, reduced permeability and enhanced durability of concrete
structures. The increased surface area of nanostructured RHA facilitates a more
efficient pozzolanic reaction, leading to the formation of additional C-S-H gel, which
contributes to the densification and strengthening of the concrete matrix.

2. RHA-based Geopolymer Concrete: Geopolymer concrete, an alternative to
conventional Portland cement-based concrete, utilises alkali-activated materials.
RHA can serve as a suitable precursor for geopolymer binder production [165,
166]. The incorporation of RHA in geopolymer concrete offers several advantages.
Firstly, the use of RHA reduces the demand for Portland cement, resulting in lower
carbon emissions and a more sustainable construction material. Secondly, RHA-
based geopolymer concrete exhibits improved chemical resistance, making it suitable
for harsh environments and chemical exposure. Additionally, the presence of RHA
contributes to increased fire resistance, making it an attractive option for fire-prone
areas. Geopolymer concrete with RHA demonstrates excellent mechanical properties,
including high compressive strength and durability, making it a viable alternative to
traditional concrete.

3. High-Performance Concrete (HPC) with RHA: The incorporation of RHA in high-
performance concrete has garnered significant interest due to its potential to enhance
various properties. HPC typically exhibits superior strength, durability and workability
compared to conventional concrete [83, 87, 167]. By incorporating RHA in HPC
mixes, it is possible to achieve even greater performance. The use of RHA improves
workability by acting as a filler and lubricant, allowing for better flow and placement
of the concrete. Additionally, RHA contributes to the refinement of the concrete
microstructure, resulting in improved strength, reduced permeability and enhanced
resistance to chemical attacks. The synergy between RHA and other cementitious
materials in HPC leads to the formation of additional hydration products and denser
concrete, ultimately improving the overall performance of the material.

4. RHA as a Supplementary Binder: RHA can serve as a supplementary binder in
concrete, partially replacing cement content without compromising the mechanical
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properties of the material. The incorporation of RHA as a supplementary binder
not only reduces the environmental impact associated with cement production but
also improves the long-term performance of concrete structures [168—170]. RHA’s
pozzolanic properties allow for the formation of additional C-S-H gel, enhancing the
strength and durability of the concrete matrix. Furthermore, the presence of RHA
contributes to the reduction of calcium hydroxide (CH) content, mitigating the risk of
alkali-silica reaction (ASR) and improving the concrete’s resistance to sulphate attack.
By optimizing the RHA content and its interaction with other cementitious materials,
the utilisation of RHA as a supplementary binder shows great potential for sustainable
concrete production.

5. RHA-based Self-Healing Concrete: Self-healing concrete is an innovative approach
aimed at repairing microcracks autonomously and improving the durability of concrete
structures [4, 135, 171]. Incorporating RHA in self-healing concrete systems enhances
the autogenous healing process. RHA’s pozzolanic properties and high silica content
contribute to the formation of C-S-H gel, which acts as a healing agent. When cracks
occur in the concrete, the presence of RHA facilitates the precipitation of calcium
carbonate (CaCOs) in the cracks, sealing them and preventing further propagation.
The healing process in RHA-based self-healing concrete is particularly effective in
mitigating the ingress of harmful substances and improving the long-term durability
of concrete structures, resulting in extended service life and reduced maintenance
costs.

6. RHA in Fibre-Reinforced Concrete: Fibre-reinforced concrete (FRC) offers enhanced
toughness, crack resistance and ductility. By combining RHA with different types of
fibres, such as steel fibres or polymeric fibres, in FRC, the mechanical properties and
impact resistance of the concrete can be further improved [172—174]. The synergy
between RHA and fibres contributes to the formation of a more ductile and resilient
concrete matrix. RHA acts as a filler, enhancing the bond between fibres and the
surrounding matrix, effectively bridging microcracks and enhancing crack resistance.
The addition of RHA in fibre-reinforced concrete results in a composite material
with superior mechanical properties, improved durability and enhanced resistance to
cracking and impact loads.

7. RHA in Sustainable Concrete Products: RHA can be utilised in the production of
sustainable concrete products, such aslightweight concrete blocks or precast elements.
Incorporating RHA in lightweight concrete blocks reduces the overall weight of the
blocks, making them easier to handle and transport [175, 176]. Additionally, RHA
contributes to improved thermal insulation properties, reducing energy consumption
for heating and cooling in buildings. The utilisation of RHA in precast elements offers
similar benefits, including reduced weight, enhanced sustainability and improved
thermal properties. These RHA-based concrete products provide opportunities
for energy-efficient and eco-friendly construction practices, promoting sustainable
development in the construction industry.

The utilisation of RHA in concrete opens up numerous possibilities for innovation
and improvement. The advancements in nanostructured RHA, geopolymer concrete,
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high-performance concrete, self-healing concrete, RHA as a supplementary binder,
RHA in fibre-reinforced concrete and RHA-based sustainable concrete products dem-
onstrate the potential of RHA to enhance the performance, sustainability and durability
of concrete structures. Continued research and development in these areas will further
unlock the potential of RHA and promote its widespread utilisation in the construction
industry.

7.2 Research gaps and areas for further investigation

While the utilisation of RHA in concrete has shown promising results, there are still
several research gaps and areas for further investigation that can contribute to a deeper
understanding and improved application of RHA in concrete technology. Some key
research gaps and areas for further investigation include:

1. Optimisation of RHA Properties: To optimise the properties of RHA, researchers can
explore various methods such as modifying the burning conditions, manipulating
the grinding process and controlling the rice husk source. Investigating the effects
of different burning temperatures, durations and atmospheres on RHA properties
can help determine the optimal conditions for achieving desired characteristics.
Additionally, understanding the relationship between RHA particle size distribution,
specific surface area and chemical composition can guide the development of tailored
RHA products for specific applications. Surface modification techniques such as
chemical treatments and thermal treatments can also be investigated to enhance the
reactivity and compatibility of RHA with cementitious materials.

2. Long-Term Durability Assessment: Long-term durability assessment of RHA-
incorporated concrete can be carried out through accelerated aging tests, field
exposure studies and monitoring of existing structures. Researchers can subject
RHA-based concrete specimens to prolonged exposure to aggressive environments,
including cyclic wet-dry conditions, high temperatures and chemical attacks. By
evaluating the evolution of concrete properties over an extended period, such as
changes in compressive strength, permeability and microstructure, researchers can
gain insights into the long-term durability performance of RHA-based concrete.
Additionally, monitoring the performance of real-world structures incorporating
RHA will provide valuable data on the behaviour of RHA under actual environmental
conditions.

3. Influence of RHA on Fresh Concrete Properties: To understand the influence of RHA
on fresh concrete properties, researchers can conduct a comprehensive investigation
using various mix design parameters and RHA dosages. Workability tests such as
slump, flowability and rheological measurements can be performed to assess the
impact of RHA on concrete’s ability to flow, compact and maintain its shape. The
effects of RHA on setting time, bleeding and air entrainment can also be studied to
determine the optimal dosage and its compatibility with different admixtures and
cementitious materials. Additionally, advanced techniques such as microscopy and
particle tracking can be employed to analyse the dispersion of RHA particles in the
fresh concrete matrix and understand their influence on the overall behaviour of the

mix.
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4. Standardisation and Guidelines: Standardisation efforts can involve collaboration
between researchers, industry professionals and regulatory bodies to develop
standardised procedures and guidelines for incorporating RHA into concrete
production. This can include the development of standardised testing methods for
RHA characterisation, quality control measures for RHA sourcing and processing and
guidelines for concrete mix design incorporating RHA. The establishment of clear
specifications for RHA properties, such as its chemical composition, fineness and
reactivity, will ensure consistent performance and enable proper utilisation in different
concrete applications. Furthermore, guidelines can provide recommendations on
RHA dosage, blending methods and compatibility considerations to facilitate its
successful integration into existing concrete production practices.

5. Compatibility with Different Cement Types: Investigating the compatibility of RHA
with various cement types involves exploring the effects of RHA on hydration kinetics,
hydration product formation and mechanical properties of different cementitious
systems. Researchers can conduct a systematic study comparing the performance of
RHA with different types of cement, including Portland cement, blended cement (e.g.,
fly ash, slag) and alternative cementitious materials (e.g., geopolymers). By evaluating
the influence of RHA on setting time, heat evolution, strength development and
microstructural characteristics, researchers can determine the most suitable
combinations and optimise the performance of RHA in specific cementitious systems.
This research can also explore the potential synergistic effects between RHA and other
supplementary cementitious materials to further enhance the overall performance of
the concrete.

6. Life Cycle Assessment (LCA) Studies: Life cycle assessment studies can be conducted
to evaluate the environmental impact and sustainability of RHA-based concrete
throughout its entire life cycle. Researchers can assess the environmental indicators
such as carbon footprint, energy consumption, water usage and waste generation
associated with RHA production, transportation, concrete manufacturing and end-
of-life scenarios. Comparative studies between RHA-incorporated concrete and
conventional concrete can provide insights into the potential environmental benefits
and identify areas for improvement. Furthermore, life cycle cost analysis can be
integrated into the assessment to evaluate the economic feasibility and potential cost
savings associated with RHA utilisation in concrete production.

7. Field Performance Evaluation: Field performance evaluation of RHA-based concrete
involves monitoring and assessing the behaviour of RHA-incorporated structures
in real-world construction projects. Researchers can collaborate with engineers and
construction companies to select suitable sites and incorporate RHA-based concrete
in various applications such as buildings, bridges, pavements and infrastructure
projects. Long-term monitoring of these structures, including periodic inspections,
material testing and structural performance evaluation, will provide valuable data
on the performance of RHA-based concrete under actual loading, exposure and
environmental conditions. This field data can validate laboratory findings, identify
any unforeseen challenges and provide feedback for further improvement and
optimisation of RHA-based concrete technology.
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8. Economic Feasibility and Cost Analysis: Economic feasibility and cost analysis studies
can assess the overall cost-effectiveness of utilising RHA in concrete production.
Researchers can investigate the availability and cost of RHA in different regions,
considering factors such as rice production, husk disposal and processing costs.
Cost-benefit analyses can be conducted to compare the expenses associated with
RHA procurement, processing, transportation and concrete production against
the potential savings in cement consumption, admixture usage and long-term
maintenance costs. Additionally, economic feasibility studies can explore potential
market opportunities for RHA-based concrete products, considering factors such
as sustainability certifications, green building regulations and market demand for

environmentally friendly construction materials.

Addressing these research gaps and conducting further investigations in these areas will
contribute to a more comprehensive understanding of RHA’s potential in concrete tech-
nology and facilitate its wider implementation as a sustainable and high-performance
construction material.

8 Concluding remarks

In conclusion, the utilisation of rice husk ash (RHA) in concrete holds great promise for
improving the performance and sustainability of concrete materials. Through a critical
analysis of the available literature, we have explored the influence of RHA on various
aspects of concrete, including strength, mechanical properties, workability, rheological
behaviour, hydration and microstructure. The research findings demonstrate that RHA
can enhance the strength and mechanical properties of concrete when incorporated
in appropriate proportions and under optimised burning conditions. It has also been
shown to improve the workability and rheological behaviour of concrete, making it suit-
able for applications that require high flowability and self-compaction. However, further
investigations and research are needed to fully explore the potential of RHA in concrete.
Research gaps and areas for future investigation have been identified, including optimiz-
ing RHA properties, conducting long-term durability assessments, understanding its
influence on fresh concrete properties, standardizing procedures and guidelines, evalu-
ating compatibility with different cement types, conducting life cycle assessment studies,
assessing field performance and examining the economic feasibility of RHA utilisation.
By addressing these research gaps and conducting further studies, we can advance our
understanding of RHA and its applications in concrete. This knowledge will contribute
to the development of more durable, workable and environmentally friendly concrete
materials. Collaboration between researchers, industry professionals and regulatory
bodies will be crucial in driving the implementation of RHA-based concrete in real-
world construction projects.
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