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Abstract

In recent decades, the global demand for cement production has increased significantly, leading to considerable
environmental challenges, particularly in terms of carbon dioxide (CO:) emissions. The construction and cement
industries are major contributors to air pollution and have been associated with various adverse health effects. As
a result, researchers and industry professionals have increasingly focused on incorporating eco-friendly and
sustainable raw materials into the design and construction of modern infrastructure. One promising alternative is
rice husk, an abundant agricultural byproduct generated during the rice milling process. Rich in silica content, rice
husk can be burned under controlled conditions to produce rice husk ash (RHA); a highly pozzolanic material.
Due to its pozzolanic reactivity, RHA is considered an effective supplementary cementitious material (SCM) that
can partially replace ordinary Portland cement in concrete mixtures. Utilizing RHA in concrete production not
only helps reduce CO: emissions associated with cement manufacturing but also promotes sustainable waste
management by converting agricultural waste into a value-added product. Numerous studies in the existing
literature have demonstrated that the incorporation of RHA can significantly enhance the performance
characteristics of cement-based materials. This article presents a comprehensive review of previous research on
the properties and behavior of RHA-based concrete. The influence of RHA on key concrete properties, including
workability, density, compressive strength, flexural strength, splitting tensile strength, modulus of elasticity, and
long-term durability, is thoroughly discussed. Additionally, the impact of RHA on the sustainability of concrete
is examined. Microstructural analyses, particularly those conducted using scanning electron microscopy (SEM),
are also reviewed to provide insights into the underlying mechanisms that contribute to the improved performance
of RHA-modified concrete. This paper aims to offer a thorough understanding of the potential of rice husk ash as
a sustainable material in concrete production and to inspire future research focused on developing greener
construction materials and technologies.
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1 Introduction

With the increasing urbanization, use of concrete in construction industry is rapidly increasing, but its production
is responsible for a crucial environmental footprint, particularly due to the high carbon emissions from cement
manufacturing. The cement industry is a major contributor to carbon emissions, responsible for 5-8% of global
emissions (Khaiyum et al., 2023). After fossil fuels and land-usage reform owing to deforestation, the manufacture
of cement is the third main source of anthropogenic emissions of carbon dioxide (CO,) (Ahsan & Hossain, 2018;
Habeeb & Mahmud, 2010; Rumman et al., 2020). Moreover, the production of cement is energy-intensive, and
the chemical process of converting limestone into clinker produces substantial greenhouse gases (GHGs). As a
result, finding alternative materials to substitute a portion of cement in concrete production is critical to mitigating
its environmental impact. However, there has been limited utilization of rice by-products in the literature. Rice is
a principal source of food for approximately half of the world’s seven billion people and more than 90% of the
rice is consumed in Asia (Kwan & Wong, 2020; Muthayya et al., 2014).0ne ton of paddy produces approximately
0.20 ton of husk and every ton of RH can generate about 0.18—0.20 ton of ash depending on the climatic conditions,
rice categories and geographic regions of the paddy field (Tayeh et al., 2021).

RHA is a byproduct of the rice milling industry and is produced when rice husks are burned at high temperatures.
It is one type of agricultural waste. If it is not properly handled, it can cause air pollution due to its fine grain size.
Further, the structure of the reactive silica in RHA could be different as a function of the heat treatment temperature
time. Its cementitious property is due to it having high silica content. Due to its high amount of silicon dioxide
and high specific surface, RHA is an extremely active pozzolanic technogenic raw material (Antiohos et al., 2014).
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Hence, it is an ideal candidate as a supplementary cementitious material (SCM) in concrete. In addition to reducing
cement's environmental impact, this also helps recycle agricultural waste.

It is effective on various fronts by incorporating RHA into the concrete essentially for the enhancement of the
mixture's mechanics, durability, and microstructure. The utilization of RHA can lower the total porosity of
concrete by increasing the packing density and improving the interfacial transition zone (ITZ) between the cement
matrix and aggregate (Ye et al., 2018). The pozzolanic reaction of RHA reduces the CH content (Mehta &
Monteiro, 2005), thereby forming more C-S-H gels. The redistribution of water from RHA particle pores makes
it have a certain role of internal curing (Van Tuan et al., 2011). The internal curing effect can promote the further
hydration of cement, improve the strength and its development of the matrix, as well as the durability of cement-
based materials to a certain extent (Salas et al., 2009; Saraswathy & Song, 2007), such as the chloride penetration
resistance, sulfate corrosion, carbonation, etc.

In study of (Madandoust et al., 2011) concrete mixtures were produced with 0-30% and their mechanical
properties were determined. It is observed from the study that usage of cement replaced by RHA partly enhanced
durability and homogeneity but could not enhance early age compressive strength of the concrete. Similarly, (Liu
et al., 2024)observed that ultra-high-strength engineered cementitious composites (UHS-ECC) containing up to
20% RHA exhibited a maximum compressive strength of 130.3 MPa at 28 days. The study highlighted that RHA
contributed to the strength enhancement by providing nucleation sites for hydration products and refining the pore
structure. RHA's impact on the durability of concrete has been extensively studied. (Kaplan & Salem Elmekahal,
2021)found that incorporating RHA into lightweight and high-performance cement-based composites improved
resistance to acid attack, sulfate exposure, and freeze-thaw cycles. Though RHA has promising potential, still
various research gaps exist. The lack of any definite mix procedure is one of the major reasons for RHA not being
popular as supplementary cementitious material (SCM) to date (Rumman et al., 2020).. The long-term effects of
RHA on concrete’s mechanical properties and durability require more in-depth study. Majority studies focus on
short-term performance, and there is a need for more detailed research into the long-term behavior of RHA-
modified concrete under several environmental conditions. RHA’s impact on mechanical and durability properties
has been well-documented but its effect on the microstructural evolution of concrete, particularly at the nanoscale,
remains underexplored.

This paper aims to provide a critical review of the recent advancements in the use of RHA in concrete, focusing
on its mechanical, durability, and microstructural properties. Through a systematic analysis of the available
literature, the review evaluates the viability of RHA as an ecofriendly SCM while pinpointing critical areas where
knowledge remains incomplete, especially regarding long-term performance and microstructural evolution. This
paper aims to critically examine the research that has hitherto been done on the prospect of using RHA in concrete
mixes and investigates the impact on the performance of the concrete. The objective of this review is to further
the understanding of RHA's role in improving the sustainability and performance of concrete and to guide future
research in optimizing its use in the construction industry.

2 Methodology
2.1 Materials & Mix Design

The majority of the studies employed Ordinary Portland Cement (OPC) and regionally available aggregates in
their mixtures. RHA was achieved by burning rice husks and grinding the ash to enhance fineness and reactivity.
Proportions of concrete were nominal or calculated to attain specific target strengths. Water-to-cement ratios for
normal mixes were around 0.50-0.60, reduced when RHA was incorporated due to its high fineness and water
demand. RHA was added as a partial cement substitute at incremental levels to establish an optimum level of
substitution. In order to retain workability with increased levels of RHA content, high-range water-reducing
admixtures were commonly employed. Batching followed mixing with pan or drum mixer; standard curing
(immersion to 23+2 °C water) was then imposed until test ages.

2.2 Testing of Specimens

Mechanical properties were evaluated in several studies through compressive strength test, splitting tensile
strength test & flexural strength test following different standard methods. The majority of the studies were carried
by following ASTM standard. Microstructural properties were assessed by performing SEM test.
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Table 1. A summary of mix design used in previous studies about using RHA in concrete mixes

Paamoters | (Padhict  (Ameriet  (Zareeiet  (Huetal, H(akslzz?ﬁae ) Rglfl"ii‘zl (\?igng?wa (Ali etal.,
al., 2018) al., 2019) al., 2017) 2021) al., 2021) 2018) 2018) 2021)
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Concrete concrete Normal Normal Normal compacting ~ compacting Powder Aerated
Type (RC-based) concrete concrete Concrete Concrete Concrete Concrete Concrete
(SCO) (SCO) (RPC)
OPC,
Combustion
Binder OPC,RHA, OPC,RHA, -treated OPC, RHA, OPC, Silica
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Rteﬁav?;“(‘)‘;n Cement (5-30%, Cement > algéilt Sand e blended Cement
RHA (5-35%) Optimum (0-25%) replacement (0-30%) sIt)ate d ¥ with SF (2.5-15%)
15%) P (10-50%)
Water-to- 0.45 0.40 0.40 Mot 0.40 Mot Mot Mot
Binder (constant) (constant) (constant) explicitly (constant) explicitly explicitly explicitly
Ratio mentioned mentioned mentioned mentioned
Recycled Fine sand
Aporesates Concrete Standard Standard s tzlirsldoa-r d partially ex I\lli(;ti " %1;225- Quartz sand
gereg aggregates aggregates aggregates vartz sand replaced by mefl tione}:i acareates (600 um)
(RC) q RHA & BA sereg
Polycarbox .
. Micro- .
ylic ether- silica Polycarbox Aluminum
. based N ylate ether-  Superplastic None None powder
Special . Bacterial . . . . .. .
Additives superplastic cells Micro-silica based izer (1.7% explicitly explicitly (aerating
izer (Fosroc (optimizatio superplastic of water) mentioned mentioned agent,
Auramix P i izer (PCE) 0.5%)
300)

3 Result & Discussion
3.1 Mechanical Properties (Compressive Strength)

The majority of studies represent that replacing a portion of cement with RHA increases compressive strength
after sufficient curing time. The pozzolanic reaction of RHA (rich in amorphous silica) and its filler effect leads
to a denser microstructure, which enhances strength. (Gill & Siddique, 2018) observed that concrete mixes with
RHA obtained higher strength than the control mix with no RHA, attributing this rise to the synergistic effects of
RHA’s pozzolanic activity. Similarly, (Singh et al., 2020) found that at all tested ages the RHA-blended concrete
had greater compressive strength than normal concrete (NC) without RHA. This trend holds true in various curing
conditions — even though exposure to aggressive media (e.g. nitric acid) reduces strength for all concretes, the
RHA concrete still retained relatively higher strength than the plain concrete.

The strength benefit of RHA is most mentioned up to a certain replacement percentage. Several studies identify
an optimal RHA content in the range of about 5—15% by weight of cement (Endale et al., 2022). Replacing cement
with RHA within this range often yields the highest 28-day compressive strength compared to the control mix.
For instance, (Chetan & Aravindan, 2020) reported 10% RHA as an optimal dose, giving the highest 28-day
strength among mixes with various RHA proportions. (Givi et al., 2010) similarly found that incorporating RHA
up to 10% improved 28- and 90-day strengths, but beyond 10% the gains began to decline. In contrast, excessive
RHA replacement (above ~15-20%) can adversely affect strength, as the surplus silica remains unreacted and the
reduced cement content lowers the hydration products. (Givi et al., 2010) noted that a 20% RHA replacement
actually fell below the control strength at later ages, presumably because the amount of RHA exceeded what was
needed to consume the available calcium hydroxide (CH); the extra RHA then behaves like an inert filler that does
not contribute to strength gain. In summary, a moderate RHA content (often around 10%) is optimal for
compressive strength, whereas too high a replacement can diminish strength.

The strength contribution by RHA is time-dependent. During early ages (e.g. 3—7 days), RHA concrete may have
inferior compressive strength than the control mix, especially if the RHA particles are relatively coarse or less
reactive. These early weak performances are attributed to the retardation of the pozzolanic reaction of RHA (which
consumes calcium hydroxide and produces additional C—S—H gel in the long term) and to cement content dilution
during early hydration. (Madandoust et al., 2011) reported that by 90 days the RHA concrete achieved ~96% of
the control’s strength, and by one year it slightly exceeded the control (102% of the control’s strength at 360 days),
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due to the continued pozzolanic activity. This phenomenon is echoed by other researchers — for instance, (De
Souza Rodrigues et al. (2006) observed RHA-blended concrete overtaking the strength of plain concrete by 91
days.

To concisely compare RHA concrete with conventional concrete, one can say that properly designed RHA-blended
concrete is as good as or better than control concrete in compressive strength at later ages. At 28 days, a well-
proportioned RHA mix (around 10% replacement) typically reaches equal or higher strength than the control
(Endale et al., 2022).
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Figure 1. Compressive strength of RHA gained at 3,7 and 28 days in various studies
3.2 Microstructural Properties (Scanning Electron Microscopy)

(Makul, 2019) observed that RHA grains are larger and more porous compared to OPC grains. The porosity of
RHA increases the demand for superplasticizer in Self-Compacting Concrete (SCC) mixes to maintain the desired
flow, as the larger pores in RHA absorb more water and reduce workability.(Das et al., 2020) explored that RHA
grains are angular and exhibit a large variation in volume. RHA consists a combination of macro, micro, and
mesopores which makes it highly porous. These pores are beneficial for the pozzolanic reactions, which contribute
to the strength development of concrete by allowing for better hydration and the formation of C-S-H gel.

Ultra fine
particles E

Figure 2. (A) SEM micrographs (5000x) of (left) OPC, (right) RHA (Makul, 2019); (B) SEM images of RHA
(a) and SF (b). (Van Tuan et al., 2011)
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Figure 3. (A) SEM images of rice husk (Safari et al., 2018); (B) SEM images of unground RHA (a) details of an
outer epidermis and pore structure, Evidence of grinding on the porous structure of RHA (b) 7 mm, (c) 14 mm,
(d) 20 mm, (Vieira et al., 2020)

(Vieira et al., 2020) explored how grinding affects the porosity of RHA. They found that finer grinding (e.g., 7

um RHA) reduces the visible porous structure, making the RHA less reactive. In contrast, coarser RHA (e.g., 20
pum) retains more of its porous structure, which may enhance its pozzolanic reactivity. This implies that the size
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of RHA particles plays a crucial role in their interaction with cement and water, influencing the final properties of
concrete.

(Safari et al., 2018) conducted SEM analysis of both rice husks (RH) and RHA. They found that the surface of
rice husks was uniform with outcrops, while the transverse section was laminated with porous layers containing
sugar and cellulose. These characteristics contribute to RHA's high porosity and its ability to improve concrete
strength via pozzolanic reactions.

Mercury Intrusion Porosimetry (MIP) conducted by (Van Tuan et al., 2011) showed that the overall porosity of
RHA-modified concrete was greater than that of silica fume-modified concrete. The pozzolanic reaction of silica
fume is more effective in reducing the pore size and refining the microstructure, which leads to a denser matrix.
However, RHA still has significant effects on reducing larger pores in concrete as it matures over time.

3.3 Durability Property (Water Absorption)

The impact of RHA on concrete's properties is complex, with both positive and negative effects on water
absorption and durability. While increasing RHA content tends to increase water absorption, it also offers potential
benefits in terms of reduced permeability and enhanced structural strength, especially when used in fibrous
concrete. (Padhi et al., 2018) observed that the water absorption of concrete increases when RHA is used, with the
reference mix showing 5.55% and rising to 7.37% when 100% of the Normal Concrete (NC) is replaced by
Recycled Concrete (RC). When RHA substitutes 0-35% of cement in both NC and RC mixes, water absorption
increases from 5.55% to 8.66%. The increase in water absorption is linked to RHA's higher water absorption,
indicating reduced concrete durability as the RHA content increases. On the other hand, Kwan and Wong (2020),
(Givi et al., 2010), and (Koushkbaghi et al., 2019) found that the addition of pozzolanic materials like RHA can
decrease permeability and improve durability by reducing pore volume and filling voids. Research by (Givi et al.,
2010) and (Thomas, 2018) noted that lower permeability and reduced diffusion coefficients were achieved by
adding RHA, enhancing concrete's resistance to moisture-induced damage. Specifically, 30% RHA significantly

reduced the diffusion coefficient, indicating improved impermeability.
8
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Figure 4. Variation of water absorption of concrete with RHA (%) (Padhi et al., 2018).
4 Conclusion
Overall, rice husk ash (RHA) is proven to be a sustainable and efficient supplementary cementitious material

(SCM) for concrete with significant improvement in mechanical, durability, and microstructure performance. The
addition of RHA to concrete mix exhibits improvement in compressive strength with optimal performance
particularly as a partial substitution of cement at about 10% percentages. It needs to be utilized in proper
proportions because of the detrimental action of excessive content on strength performance by way of un-reacted
residual silica.

From a durability point of view, finer particles of RHA decrease permeability and consequently increase resistance
to water-induced damage as well as damage from other causes. The action of water absorption is a conflicting
effect with increased content of RHA which could quicken absorption and this might influence durability on a
longe term basis.

Scanning electron microscopy (SEM) microstructure analysis has established that RHA serves to improve pore
structure of concrete. Improved filler action and pozzolanic action assist in minimizing total porosity and creating
a denser matrix. The refinement of microstructure has a significant role to improve mechanical as well as durability
concrete properties. However, more works are required to examine longer term performance of RHA-modified
concrete under diverse conditions as well as its nano-level effect.

In the present paper, the promising future of RHA as a green concrete material of tomorrow is highlighted not
only through contributing to more reduced environmental impacts but also to improved concrete performance. As
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green concrete materials are increasingly indispensable, much hope is placed on RHA to lead the way to more
durable and sustainable concrete materials for building construction. Standardized mix design of RHA-concrete
applications towards optimal performance, especially for high-strength concrete applications, is a must in future
research. It would be additionally worthwhile to investigate RHA compatibility with other green materials, e.g.,
recycled materials or bio-based materials, to make concrete production even more sustainable.
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