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Abstract

Rice husk ash (RHA) has emerged as a promising supplementary cementitious material
(SCM) for sustainable construction due to its high silica content and potential to reduce
the environmental impact of concrete. However, the evolution of RHA research and its
transition toward advanced, data-driven material systems remain insufficiently synthe-
sised. This study presents an integrated bibliometric analysis (BA) and systematic literature
review (SLR) in which Scopus-indexed publications from 2007 to 2021 establish the his-
torical evolution and structural dynamics of the field, while studies published between
2022 and 2026 are systematically reviewed to capture emerging developments and ensure
contemporary relevance. The bibliometric analysis reveals a steady increase in research
activity and identifies a shift from experimental material optimisation toward sustainability
and computational modelling. When interpreted alongside the systematic review find-
ings, this trend reflects a structured Past–Present–Future evolution of RHA research, from
feasibility studies to microstructural optimisation and, more recently, to predictive and
data-driven material design. The systematic review confirms that optimally processed
RHA, typically at 10–30% cement replacement, enhances compressive strength, durabil-
ity, and resistance to aggressive environments through improved pozzolanic reactivity
and microstructural densification. Recent studies (2022–2026) further demonstrate the
integration of machine learning, life-cycle assessment, and digital modelling approaches
for performance prediction, mix optimisation, and sustainability evaluation. By linking
bibliometric trends with scientific insights, this study identifies key research gaps, including
the lack of standardisation in RHA production, limited large-scale validation, and weak
integration of experimental and computational approaches, and proposes an integrated
five-tier framework, moving from material standardisation through performance validation
and computational intelligence to sustainability integration and industrial-policy adoption,
to guide future research and implementation. The findings highlight the transition of
RHA from a conventional SCM to a component of intelligent, sustainable, and circular
construction systems, providing a foundation for future research and industrial application.

Keywords: rice husk ash; supplementary cementitious materials; bibliometric analysis;
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1. Introduction
The construction industry plays a critical role in global economic development; how-

ever, it is also one of the largest contributors to environmental degradation, particularly
due to the high carbon emissions associated with cement production. It is widely reported
that cement manufacturing accounts for approximately 7–8% of global CO2 emissions,
making it a key target for decarbonisation strategies in the built environment [1–3]. Conse-
quently, increasing attention has been directed toward the development and utilisation of
supplementary cementitious materials (SCMs) to reduce clinker content and improve the
sustainability of concrete systems. Rice husk (RH), an abundant agricultural by-product
generated during rice milling, presents significant environmental challenges due to its large
volume and disposal practices. In major rice-producing regions, particularly in Asia and
Africa, conventional disposal methods such as open burning and landfilling contribute to
greenhouse gas emissions and environmental pollution [4,5]. The controlled combustion
of RH to produce rice husk ash (RHA) has emerged as an effective waste-valorisation
strategy, transforming agricultural residues into a high-silica pozzolanic material suitable
for construction applications [5,6].

RHA is characterised by its high amorphous silica content and large specific surface
area, which contribute to its strong pozzolanic reactivity and ability to enhance cement
hydration. Recent studies have confirmed that partial replacement of cement with RHA
improves compressive strength, reduces permeability, and enhances resistance to chloride
ingress and sulphate attack due to the formation of additional calcium–silicate–hydrate (C–
S–H) gel and improved microstructural densification [1,2,7]. Furthermore, RHA has been
successfully incorporated into advanced cementitious systems, including high-performance
concrete (HPC) and ultra-high-performance concrete (UHPC), where it enhances durability
and long-term performance [8,9]. Beyond its mechanical benefits, RHA plays a significant
role in sustainable construction by reducing the environmental footprint of concrete. Life-
cycle assessment studies demonstrate that replacing cement with RHA can significantly
lower CO2 emissions and energy consumption, while simultaneously promoting resource
efficiency and waste utilisation [1,2,10]. These advantages position RHA as a key material
within circular-economy frameworks, where agricultural waste is converted into value-
added construction products [4,11].

In recent years, the field has undergone a notable transformation driven by advance-
ments in computational and digital technologies. Machine learning (ML) and data-driven
modelling approaches have been increasingly applied to predict compressive strength,
optimise mix design, and evaluate durability performance of RHA-based concrete sys-
tems [8,12–14]. These approaches enable the analysis of complex nonlinear relationships
between material parameters and performance outcomes, significantly reducing experimen-
tal effort while improving predictive accuracy. Additionally, the integration of life-cycle
assessment (LCA) with machine learning models has facilitated the simultaneous opti-
misation of environmental and mechanical performance, supporting the development of
low-carbon construction materials [1,15].

Despite the extensive body of research on RHA, existing studies predominantly focus
on isolated aspects such as material properties, processing techniques, or environmental
performance, with limited integration across these domains. Many studies concentrate on
mechanical and durability performance under controlled laboratory conditions without
adequately addressing large-scale applicability or long-term field performance [2,7,16].
Similarly, research on RHA production and processing has largely been conducted inde-
pendently of performance optimisation, resulting in variability in material properties and
challenges in standardisation [5,17]. Furthermore, although recent studies have introduced
machine learning and computational modelling approaches, these developments are of-
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ten treated as standalone innovations rather than being systematically integrated with
experimental and sustainability research [8,12–14]. In addition, the application of RHA in
emerging construction technologies, such as geopolymer systems, alkali-activated binders,
and digital construction processes, remains relatively limited and fragmented [18,19].

From a methodological perspective, previous review studies have typically employed
either bibliometric analysis (BA) or systematic literature review (SLR) independently. While
bibliometric studies provide insights into research trends, collaboration networks, and
thematic development, they often lack detailed scientific interpretation [20,21]. Conversely,
systematic reviews offer in-depth analysis of material behaviour and performance but
may not capture the broader evolution and structural dynamics of the research field [3,4].
This separation limits the ability to develop a comprehensive understanding of how RHA
research is evolving in response to sustainability challenges and digital transformation in
construction materials.

To address these limitations, this study adopts an integrated bibliometric analysis
(BA) and systematic literature review (SLR) to provide a comprehensive and analytical
assessment of RHA research in concrete. The bibliometric analysis was limited to Scopus-
indexed publications up to 2021 to ensure data completeness, citation maturity, and stability
of the bibliometric indicators reported in Section 4, while recent publications (2022–2026)
were incorporated through a dedicated systematic literature review (Section 5) to capture
emerging developments in machine learning, life-cycle assessment, and digital material
systems, and to maintain contemporary relevance. By linking quantitative research patterns
from the BA with qualitative scientific insights from the SLR, and by explicitly connecting
the two strands of evidence in an integrated discussion (Section 6), this study moves
beyond a descriptive review of historical trends to provide a structured Past–Present–
Future narrative of how RHA research has evolved, culminating in a proposed framework
(Section 8) for guiding future research and industrial adoption of RHA as a component of
sustainable, data-driven, and intelligent construction systems.

Table 1 positions this study against four representative prior reviews of RHA in
concrete, spanning narrative reviews from before the field’s computational turn [22,23], a
purely bibliometric treatment [24], and a recent narrow-scope systematic review [25]. No
prior review combines a real, Scopus-verified bibliometric analysis with a comparably sized
systematic corpus, a dedicated machine learning and data-driven modelling treatment,
quantified sustainability comparison, an explicit standardisation and industrial-adoption
analysis, and an integrated adoption framework; this combination, rather than any single
element in isolation, is the principal methodological contribution of this study.

Table 1. Positioning of this study against representative prior reviews of RHA in concrete.

Review BA Real-Database
SLR

ML/
Data-Driven

Sustainability
(Quantified)

Standardisation/
Industrial

Integrated
Framework

Thomas (2018) [22] No No No Qualitative
only No No

Siddika et al.
(2021) [23] No No No (pre-dates

ML wave)
Qualitative

only Brief mention No

Amin et al. (2022)
[24] Yes No No No No No

Samarajeewa et al.
(2026) [25] No

Yes (narrow;
n = 19,

nanomaterial-
specific)

Partial
(nano-RHA

only)
No No No

This study (2026)
Yes (606

docs,
2007–2021)

Yes
(1423-record

corpus; 39
curated)

Yes (dedicated
section;

corpus-wide
trend, Figure 1)

Yes
(Tables 2 and 3)

Yes (Section 5.8;
ASTM C618

[26], EN 197-1
[27])

Yes (five-tier,
Section 8)
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The remainder of this paper is organised as follows. Section 2 outlines the theoretical
foundations of the study. Section 3 details the hybrid BA-SLR methodology, including the
search and eligibility criteria applied to both strands. Section 4 presents the bibliometric
results for the 2007–2021 period. Section 5 reports the systematic review of recent develop-
ments published between 2022 and 2026, organised thematically. Section 6 integrates the
two strands of evidence into a single Past–Present–Future discussion. Section 7 synthesises
the identified research gaps, Section 8 proposes an integrated framework for future research
and industrial adoption, and Section 9 concludes the study.

Figure 1. Thematic prevalence trends in the 2022–2026 RHA-concrete corpus, by year (Scopus,
n = 1423; partial-year 2026 excluded).

Table 2. Summary of foundational studies shaping RHAC research (2007–2021).

Reference Study Objective Summary of Findings

Saraswathy and Song [28] Corrosion performance of
RHA-blended concrete

RHA enhances concrete strength by
forming C–S–H-based gel.

Chindaprasirt et al. [29] Sulphate resistance of blended cement
containing FA and RHA

RHA and FA both improve sulphate
resistance; RHA is more effective.

Ganesan et al. [30]
Optimal level of cement replacement

with RHA for strength and
permeability

Up to 30% RHA can replace cement
without compromising strength or

permeability.

Chindaprasirt and Rukzon [31]
Strength, porosity and corrosion

resistance of ternary Portland
cement–RHA–FA mortar

Ternary blends enhance strength and
corrosion resistance.

Habeeb and Fayyadh [32]
Impact of RHA particle size on

mechanical properties and drying
shrinkage

Finer RHA particles reduce shrinkage
and improve mechanical properties.

Givi et al. [33]
Impact of RHA on strength,

permeability and workability of binary
blended concrete

Ultrafine RHA particles improve
workability and strength.
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Table 2. Cont.

Reference Study Objective Summary of Findings

Van Tuan et al. [34] Impact of RHA on hydration and
microstructure of UHPC

RHA improves hydration and
compressive strength of UHPC.

Zain et al. [35] Use of RHA as a supplementary
cementitious material

Controlled burning and grinding are
essential for high-quality RHA.

Khan et al. [16] Potential of RHA for environmental
waste reduction

RHA improves concrete properties
while providing environmental

benefits.

Karim et al. [36]
Fabrication of a non-cement binder

(NCB) using RHA and sodium
hydroxide

Optimal strength achieved when NCB
is combined with 30% RHA.

Chopra et al. [37]
Strength, permeability and

microstructure of self-compacting
concrete (SCC) with RHA

RHA enhances the strength and
durability of SCC.

Bie et al. [38] Impact of burning conditions and RHA
blend ratio on cement behaviour

Optimal 10% RHA replacement
significantly improves cement

strength.

Zareei et al. [39] RHA as a partial cement replacement
in high-strength concrete

15% RHA replacement enhances
compressive strength by ~20%.

Kang et al. [9] RHA as a reactive filler in UHPC
RHA improves UHPC strength
through enhanced pozzolanic

reactions.

Table 3. Quantitative synthesis of RHA replacement level and reported compressive-strength and
durability outcomes across screened studies.

RHA
Replacement Level

Reported Compressive-
Strength Effect Reported Durability Effect Source(s)

5–10%

Up to +29% vs. control in
pervious concrete; optimum
replacement level in several

individual studies

Reduced porosity and chloride penetration
consistent with the broader 0–30% trend

[40]

Khankhaje
et al. [40]

10–15%
UHPC: +9.78% compressive,

+25.09% tensile, +10.9%
flexural vs. control

Not separately reported at this band in [41] Mohamed
et al. [41]

10–25%
+20–31.7% at 28 days across
reviewed soil–cement and

SCM studies

Reduced porosity and chloride penetration
reported across the same replacement range

[42]
Yin et al. [42]

15% ~20% compressive-strength
gain reported (Table 2)

~25% reduction in chloride penetration
reported (Table 2)

Zareei et al.
[39]

20–30% (cement)
+25% at 20% [43]; strength
gains taper toward 30% in

the wider database [44]

Chloride penetration falls below
1000 coulombs (low permeability) once
replacement exceeds 30% across a 1000+

data-point database; mass loss after
sulphuric-acid exposure, water absorption,
and porosity all decrease monotonically to

30%, while electrical resistivity and
chloride-diffusion resistance improve over
the same range; 30% (cement) identified as

the database-wide optimum

Al-Alwan
et al. [43];

Oztürk et al.
[44]
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Table 3. Cont.

RHA
Replacement Level

Reported Compressive-
Strength Effect Reported Durability Effect Source(s)

20% (sand) Not separately reported at
this band

Database-wide optimum for RHA as a sand
replacement is lower than for cement
replacement (~20%); ultrasonic pulse

velocity indicates doubtful concrete quality
beyond this level when RHA replaces sand

Oztürk et al.
[44]

25–30%

Generally declining strength
relative to the 5–15% range,

though frequently
still ≥ OPC control; upper

edge of the safe range
identified in foundational

studies (Table 2)

Durability indicators continue improving to
30% even where strength gains plateau or

decline, indicating that strength and
durability optima do not necessarily

coincide

Yin et al. [42];
Ganesan et al.
[30]; Oztürk

et al. [44]

2. Theoretical Background
This study is grounded in the theoretical perspectives of sustainable development and

circular economy, which emphasise the efficient use of resources, waste valorisation, and
reduction in environmental impact in construction systems [4,10]. The conversion of rice
husk (RH) into rice husk ash (RHA) is a practical application of these principles, transform-
ing agricultural waste into a high-value supplementary cementitious material (SCM) that
supports low-carbon construction. In addition to sustainability theory, this study draws
on innovation diffusion theory (IDT) to explain the adoption and integration of RHA in
construction practices. According to IDT, the uptake of new materials depends on factors
such as relative advantage, compatibility with existing systems, and ease of implementa-
tion. In the context of RHA, challenges such as variability in material properties, lack of
standardisation, and limited field validation hinder its widespread adoption [16,17]. These
barriers highlight the importance of aligning technological development with industry
requirements to facilitate large-scale implementation.

Furthermore, the study incorporates a data-driven innovation perspective, reflect-
ing the increasing role of computational tools such as machine learning (ML) and pre-
dictive modelling in construction materials research. Recent studies demonstrate that
ML-based approaches can optimise mix design, predict material performance, and support
decision-making in sustainable construction systems [8,12,14]. This shift toward data-
driven methodologies represents a transition from traditional experimental approaches to
intelligent material-design frameworks. By integrating sustainability theory, innovation
diffusion theory, and a data-driven innovation perspective, this study provides a conceptual
foundation for analysing the evolution of RHA research. These frameworks support the
interpretation of the bibliometric and systematic review findings reported in Sections 4–6
and underpin the adoption-oriented framework proposed in Section 8.

3. Methodology
3.1. Bibliometric Analysis (2007–2021)

This study adopted the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) approach to identify, select, and analyse publications on the utilisation
of RHA as a cementitious/pozzolanic material in concrete construction. Figure 2 presents
the PRISMA flow diagram for the bibliometric dataset. The Elsevier Scopus database was
used to identify and extract publications from 2007 to 2021—a cut-off selected to ensure
data completeness, citation maturity, and stability of the bibliometric indicators reported in
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Section 4 (Section 3.2 describes how the more recent literature was incorporated). A total of
1459 documents containing the relevant keywords were retrieved using the TITLE-ABS-
KEY search criteria. Duplicate and unrelated records were removed through an additional
TITLE-based screening, yielding 606 documents for analysis. Duplicate and off-topic record
removal and application of the inclusion and exclusion criteria were carried out by a single
reviewer (the lead author, who conducted the literature search and data curation); the
resulting dataset and screening decisions were subsequently checked by the co-authors. No
automated screening software was used at this stage; deduplication and eligibility screening
were performed manually within Scopus and a reference spreadsheet. Bibliometric analysis
(BA) was used to examine the research landscape through co-authorship, co-occurrence,
and citation analyses performed in VOSviewer version 1.6.16 [45]. No citation threshold
was applied at the data-assembly stage, to avoid bias toward highly cited and older
publications and to ensure that both foundational and more recent studies within the dataset
are adequately represented. This should be distinguished from the minimum-document
and minimum-citation settings reported later in Sections 4.2 and 4.4 (a 2-document/2-
citation setting for the co-authorship map and a 5-document/5-citation setting for the
source-citation map): those are VOSviewer visualisation parameters, applied solely to
keep the network maps legible, and they do not remove any record from the underlying
bibliometric dataset used for the counts and trends reported in Section 4. To enhance
transparency and reproducibility, explicit inclusion and exclusion criteria were applied
during screening: only English-language, peer-reviewed journal articles, conference papers,
and review articles indexed in Scopus were retained, while editorials and other non-peer-
reviewed materials were excluded from the eligibility assessment. For transparency, Table 4
reports the document-type composition of the full 606-record dataset exactly as retrieved
from Scopus; the six errata, two retracted articles, and one note it lists (nine records, 1.5%
of the dataset) are shown for completeness but, being non-substantive or withdrawn
items, were not treated as primary research contributions and do not materially affect
the co-authorship, co-occurrence, and citation structures interpreted in Section 4. Studies
were retained only where they explicitly addressed RHA as a supplementary cementitious
material, pozzolan, or binder in construction-related applications; publications concerned
solely with the energy generation or agricultural use of rice husk were excluded.

Figure 2. PRISMA flow diagram for the bibliometric dataset (2007–2021).

https://doi.org/10.3390/jcs10080381
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Table 4. Publication types for RHAC publications in Scopus (2007–2021).

Document Type (DT) Total Publications (TP) % of Total Publications

Article 426 70.30

Conference Paper 150 24.75

Review 14 2.31

Book Chapter 7 1.16

Erratum 6 0.99

Retracted 2 0.33

Note 1 0.17

3.2. Systematic Literature Review of Recent Developments (2022–2026)

To complement the bibliometric baseline and capture developments published af-
ter the 2021 data-extraction date, a second Scopus search was conducted for the period
2022–2026, using the same database and an equivalent TITLE-ABS-KEY search strategy
as the 2007–2021 analysis: (“rice husk ash” OR “RHA”) AND (“concrete” OR “cement”
OR “mortar” OR “supplementary cementitious material*”), restricted to Article, Review,
and Conference Paper document types in English. This search, conducted on 22 June 2026,
identified 1444 records. After removing 13 duplicate records (n = 1431) and excluding a
further 8 records found at title/abstract screening not to concern RHA in a construction
or cementitious context (e.g., biomedical, catalytic, or unrelated agricultural applications
that matched the search string incidentally), a final corpus of 1423 records remained for
the 2022–2026 period. Removal of the 13 duplicate records and exclusion of the 8 records
unrelated to RHA in a cementitious context were carried out at title/abstract level by a
single reviewer, with the retained corpus subsequently checked by the co-authors. This is
more than thirty times the number of studies considered in earlier drafts of this section,
which relied on a non-systematic web search; that approach is no longer used, and the
analysis reported in Sections 4.5 and 5 is based entirely on this Scopus-derived corpus.

The same eligibility criteria applied to the bibliometric dataset were retained for this
corpus: only English-language, peer-reviewed journal articles, conference papers, and
review articles that explicitly addressed RHA as a supplementary cementitious material,
pozzolan, or binder were eligible, while editorials, non-peer-reviewed notes, and studies
concerned solely with the energy or agricultural use of rice husk were excluded. Given
the size of the resulting corpus (n = 1423), two complementary analytical strategies were
used. First, the full corpus was classified at scale using an automated, reproducible term-
frequency method: titles and abstracts were screened computationally against keyword sets
defined for each of the six thematic categories used to organise the bibliometric clusters in
Section 4 (the full keyword lists and classification script are available from the correspond-
ing author on request; the classification method is described in Section Search Limitations),
allowing every record to be assigned to zero, one, or more themes. This corpus-level analy-
sis is reported in Section 4.5 and Table 5. Second, a smaller set of methodologically notable
studies (n = 39) was selected for detailed narrative discussion in Section 5 (Table 6), chosen
to illustrate each of the six themes with concrete examples and to highlight studies of partic-
ular methodological interest (e.g., novel ML architectures, large comparative benchmarks,
or notable life-cycle assessments). This subset is explicitly a curated, illustrative sample
rather than an exhaustive or randomly drawn one, and should not be read as statistically
representative of the full 1423-record corpus; the corpus-level analysis in Table 5 serves
that representative role instead. Data collection proceeded as follows. At the corpus level
(n = 1423), theme assignments and study counts were extracted automatically from titles
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and abstracts using the keyword-based term-frequency script described in Section Search
Limitations (keyword sets available from the corresponding author on request); because
this step is fully scripted and deterministic, it does not depend on individual reviewer
judgement, and its outputs were validated by manually inspecting category samples for
false positives. For the curated subset (n = 39) discussed in Section 5, the lead author
read each study in full and extracted the replacement levels, performance and durability
outcomes, and methodological details summarised in Tables 3 and 6; these extractions
were subsequently reviewed by the co-authors. Bibliometric variables (document type,
authorship, country, funder, and citation counts) were exported directly from Scopus and
VOSviewer without manual re-entry.

Table 5. Mapping of recent (2022–2026) literature themes to key findings and study counts.

Theme n (% of Corpus,
N = 1423) Key Findings Across Reviewed Literature

AI/ML applications 171 (12.0%)

Machine learning and deep learning form a stable, internationally
distributed share of annual output (9.9–13.7% per year, 2022–2025;

Figure 1), with hybrid, symbolic regression, and
ensemble/metaheuristic-optimised models reported across the corpus
achieving high predictive accuracy and, in some cases, interpretability

[8,14,46–50], jointly optimising mechanical and environmental
performance [15].

Emerging technologies 372 (26.1%)

The second-largest theme (26.1%, growing steadily from 22.3% in 2022 to
26.6% in 2025). Geopolymer, alkali-activated, and novel composite

systems incorporating RHA show promising high-temperature,
microstructural, and durability performance [18,19,51–53], and ultrafine

or ternary processing further improves strength and durability [7,54];
RHA-specific digital twin applications remain unreported in the

screened literature.

New methodologies 122 (8.6%)

Production/processing methods are a stable, comparatively modest
share of the corpus (8.6%, essentially flat 2022–2025). Fluidised-bed

combustion and microwave-assisted pyrolysis improve the consistency
and scalability of RHA production [5]; computational material-design
approaches are beginning to be proposed for binder optimisation [55],
and pilot-scale silica-extraction routes are emerging (semi-pilot-scale

study, 2023).

Sustainability issues 418 (29.4%)

The largest and fastest-growing theme in the corpus, rising from 19.9%
of annual records in 2022 to 37.0% in 2025 (Figure 1). Database and

life-cycle studies confirm reductions in CO2 emissions and production
cost without compromising performance [2,56], and position RHA

within circular-economy frameworks for agricultural-waste
valorisation [1].

Industry adoption 12 (0.8%)

Remains the most marginal advanced theme alongside policy (0.8% of
the corpus, year-on-year stable at 0.3–1.1%). Ternary-blend studies [11]

demonstrate technical viability for industrial-scale eco-friendly
concretes, but reported applications remain predominantly

laboratory-scale, with no large-scale field validation identified.

Policy developments 4 (0.3%)

Essentially absent at corpus scale (4 of 1423 records, all incidental
mentions rather than substantive policy analysis), confirming with

quantitative evidence the qualitative finding that no major new policy
instruments specific to RHA emerged in 2022–2026; valorisation

continues to be shaped by frameworks established before 2022, such as
Malaysia’s Bio-Circular-Green Economy Model and India’s

Waste-to-Wealth Mission (Section 4.3).
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Table 6. Summary of recent (2022–2026) studies reviewed in the systematic literature review (n = 39).

Study Theme Key Finding

Ozturk et al. [2] Sustainability issues
Database-driven evaluation shows RHA concrete reduces
CO2 emissions and production cost while maintaining

eco-strength efficiency.

Bameri et al. [11] Industry adoption
Eco-friendly ternary concrete (silica fume, waste glass

powder, GGBFS) shows enhanced strength and sulphate
resistance.

Bayaidah et al. [7] Emerging technologies Ultrafine RHA binary mixes improve strength, durability,
and microstructure while reducing carbon emissions.

Aliyu [5] New methodologies
Fluidised-bed combustion and microwave-assisted

pyrolysis improve RHA uniformity and reduce residual
carbon content.

Kashem et al. [8] AI/ML applications
Hybrid machine learning algorithms achieve high

predictive accuracy for compressive strength of RHA
concrete.

Datta [15] AI/ML applications
ML-based multi-objective optimisation simultaneously

improves mechanical performance and reduces
environmental impact.

Behfarnia et al. [18] Emerging technologies Natural pozzolan-based geopolymers incorporating RHA
show high-temperature resistance.

Rashidi et al. [19] Emerging technologies Multiscale assessment shows favourable microstructure
for RHA-relevant alkali-activated binder systems.

Alamiery [14] AI/ML applications Symbolic regression models predict compressive strength
with interpretable variable relationships.

Tien [55] New methodologies Computational material-design approaches proposed for
low-carbon binder systems.

Pham and Tran [1] Sustainability issues Circular-economy framing of agricultural waste ash
within low-carbon binder systems.

Paul et al. [57] AI/ML applications
ML and DL models predict RHA concrete compressive
strength with high reliability across training and testing

phases.

Hoang and Nguyen [58] AI/ML applications
diffGrad-optimised deep learning improves

compressive-strength estimation accuracy for
RHA-blended high-strength concrete.

Karim et al. [59] AI/ML applications
SHAP and PDP analyses identify the mix variables
driving ML-predicted compressive strength of RHA

concrete.

Amin et al. [60] AI/ML applications Optimised and hyper-tuned ML models improve
prediction of RHA concrete performance as an SCM.

Al-Shamasneh et al. [13] AI/ML applications
Twelve ML algorithms compared for

compressive-strength forecasting; SVR, GPR and NuSVR
models perform best.

Li et al. [47] AI/ML applications
Hybrid ANN model optimised via a reptile search

algorithm improves compressive-strength prediction for
RHA concrete.

Al-Hashem et al. [46] AI/ML applications
ANN and GEP models accurately predict the

compressive strength of concrete containing fly ash and
RHA.
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Table 6. Cont.

Study Theme Key Finding

Alyami et al. [12] AI/ML applications Interpretable ML-based models estimate the compressive
strength of RHA concrete with high accuracy.

Fernando et al. [51] Emerging technologies Long-term durability assessment of blended fly ash–RHA
alkali-activated concrete confirms sustained performance.

Hamada et al. [61] Emerging technologies The literature review identifies RHA’s current role and
future directions in geopolymer concrete research.

Hasan et al. [62] New methodologies RHA integration as an SCM enables the production of
sustainable high-strength concrete.

Jing et al. [63] Sustainability issues
Multi-walled carbon nanotubes combined with RHA

improve durability and confirm the resulting concrete’s
environmental friendliness.

Cárdenas-Pulido et al. [52] Emerging technologies
RHA-derived alternative sodium silicate enables

ambient-cured geopolymer concrete with
structural-grade properties.

Ullah et al. [54] Emerging technologies
Ternary RHA–extracted-microsilica blends improve

mechanical and durability performance of high-strength
concrete.

Wang et al. [64] Emerging technologies
RHA–rubber-fibre concrete shows distinct

erosion-degradation behaviour under hygrothermal
exposure.

Daniyal et al. [65] Emerging technologies Increasing the RHA-to-fly ash ratio improves the
compressive strength of geopolymer concrete.

Miah et al. [56] Sustainability issues
Experimental and data-based modelling confirm RHA

reduces environmental impact while maintaining
workability and strength.

[66] Sustainability issues
RHA is confirmed as an eco-friendly cement substitute,

improving strength and durability while reducing carbon
emissions.

[67] Sustainability issues
Life-cycle assessment of RHA-containing bio-concrete

wall systems shows favourable carbon footprint
outcomes compared with conventional masonry.

[68] Emerging technologies RHA shown to be a viable partial cement replacement in
3D-printable concrete mixes.

[69] New methodologies Semi-pilot-scale sol–gel process achieves high-yield,
high-purity silica extraction from RHA.

[70] Future directions
Comprehensive review synthesises RHA production,
properties and applications, identifying directions for

further research.

Li et al. [71] AI/ML applications
Combines experimental testing with a dynamic

compressive-strength ML model linking RHA calcination
temperature and particle size to performance.

Yang et al. [48] AI/ML applications
XGBoost hybridised with metaheuristic optimisers (NGO,
APO, CFOA) improves compressive-strength prediction;

cement content is the most influential variable.

Çaglar [49] AI/ML applications
Ensemble learning and multi-objective optimisation
(APO, EEFO, TOPSIS) balance compressive strength
against CO2/SO2 emissions in RHA mixture design.
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Table 6. Cont.

Study Theme Key Finding

Ullah et al. [72] AI/ML applications
RSM and ANN models optimise ternary

RHA–extracted-microsilica concrete; ANN achieves the
higher predictive accuracy of the two.

Xu and Lu [50] AI/ML applications
Hybrid SVR/ANN models with ABC and PSO

optimisations improve compressive-strength prediction
for RHA concrete.

Reddy et al. [53] Emerging technologies
Geopolymer concrete with RHA–GGBS replacement

evaluated for strength, sulphuric-acid resistance, and cost
versus OPC.

Figure 3 presents the resulting PRISMA-style flow diagram for the 2022–2026
Scopus search.

Figure 3. PRISMA-style flow diagram for the 2022–2026 Scopus search (n = 1423 included; n = 39
selected as an illustrative narrative subset, Table 6).
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Search Limitations

This search differs from the bibliometric search in Section 3.1 in three respects, both
of which are disclosed here as limitations. First, only Scopus was searched; Web of Sci-
ence access was not available for this stage, so the 2022–2026 corpus may omit records
indexed exclusively in Web of Science or other databases, and the figures reported here
should be read as a Scopus-specific lower bound rather than an exhaustive cross-database
count. Second, thematic classification of the 1423-record corpus (Section 4.5; Table 5) was
performed using an automated, keyword-based term-frequency method applied to titles
and abstracts, rather than full-text manual coding of every record. This method is fast and
fully reproducible, and was validated by manually inspecting samples from each category
to check for false positives (for example, an early, broader keyword set for the “policy
developments” theme returned 59 records on a single broad token, but manual inspection
showed most were false matches on generic phrases such as “standard test method” rather
than genuine policy content; the keyword set was tightened accordingly, reducing this
category to 4 records, and the same tightening process was applied to all six categories
before the counts in Table 5 were finalised). This means Table 5 should be read as a re-
producible approximation of thematic prevalence across the corpus, not a human-verified
count for every individual record; the n = 39 studies discussed narratively in Section 5 and
Table 6 were read in full by the authors and are not subject to this limitation. Third, primary
screening and data extraction were carried out by a single reviewer, with the co-authors
verifying the retained records and extracted data rather than screening independently in
duplicate; independent duplicate screening in future work would further reduce the risk of
selection and extraction errors. Readers seeking to extend this analysis are encouraged to
repeat the search with combined Scopus and Web of Science access and, where feasible,
full-text manual screening of the corpus.

Because this study combines a bibliometric analysis with a structured narrative review
rather than a meta-analysis of comparable effect estimates, a formal study-level risk-of-bias
instrument (e.g., RoB 2 or ROBINS-I) was not applied; such tools are designed for controlled
intervention studies and do not transfer directly to the heterogeneous experimental and
computational studies reviewed here. Instead, several safeguards were used to limit
the influence of low-quality or non-substantive records: eligibility was restricted to peer-
reviewed, Scopus-indexed articles, reviews, and conference papers; errata, retracted articles,
and notes were identified and reported separately (Table 4) and excluded from substantive
interpretation; and the 39 studies discussed in detail (Table 6) were selected partly on
methodological quality and read in full. Two limitations follow from this design and are
acknowledged in Section Search Limitations: primary screening and data extraction were
performed by a single reviewer with subsequent co-author verification rather than by
independent duplicate screening, and full-text quality appraisal was not applied to the
complete 1423-record corpus.

Figure 4 illustrates the overall research design, showing how the co-authorship and co-
occurrence outputs of the bibliometric analysis (Section 4) connect, through the systematic
review of recent developments (Section 5), to the synthesis of research gaps, integrated
discussion, and the proposed framework reported in Sections 6–8.

The full 1423-record corpus was classified across six cross-cutting themes adapted
from the bibliometric clusters and the research gaps identified during screening AI/ML
applications, emerging technologies, new methodologies, sustainability issues, industry
adoption, and policy developments using the automated term-frequency method described
in Section Search Limitations (Table 5). A curated subset of 39 studies, selected to illustrate
each theme with concrete, frequently cross-referenced examples, is discussed narratively in
Section 5 and listed with theme assignments and key findings in Table 6.

https://doi.org/10.3390/jcs10080381

https://doi.org/10.3390/jcs10080381


J. Compos. Sci. 2026, 10, 381 14 of 38

 

Figure 4. Overall research design illustrating the integration of the bibliometric analysis and the
systematic literature review.

4. Bibliometric Results
4.1. Publication Trends, Document Types, and Source Titles

Figure 5 shows the temporal variation in the total number of publications (TP) on
RHA-blended concrete (RHAC) research on a yearly basis from 2007 to 2021, as deduced
from Scopus. The findings show a steady rise in publications from 2007 to 2021, reflecting
the global shift toward sustainability-driven research in construction materials. This growth
aligns with international initiatives, such as the UN 2030 Sustainable Development Goals
and the European Green Deal, which emphasise carbon-neutral infrastructure [73,74].
The sharp increase after 2017 corresponds to the expansion of open-access databases and
advances in characterisation and life-cycle assessment (LCA) techniques, which enhanced
visibility and rigour in RHA studies [75]. The increase suggests the field’s development
from feasibility exploration toward data-based optimisation and performance modelling.

Table 4 shows the various document formats for publications on RHAC in Scopus.
The most preferred document types for RHAC studies are articles, conference papers, and
reviews, which account for 70.30%, 24.75%, and 2.31% of TP, respectively. It is therefore
useful to examine the journal titles or sources in which RHAC research is published.
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Figure 5. Publication trend in RHAC studies in Scopus, 2007–2021.

Table 7 shows the leading source titles for RHAC publications. The top 10 source titles
produced 222 publications, or 36.63% of TP. The leading source title is Construction and
Building Materials (CBM), with 90 papers (14.85% of TP). CBM prioritises the investigation
and innovative use of materials in construction and repair, and its high impact metrics
and ranking (impact factor 6.141; ranked 7 of 136 in Civil Engineering) account for its
dominance in this field.

Table 7. Source titles for published articles on RHAC (2007–2021).

Source Title Total Publications (TP) % of Total
Publications

Construction and Building Materials 90 14.85

IOP Conference Series: Materials Science and Engineering 24 3.96

International Journal of Civil Engineering and Technology 18 2.97

Journal of Materials in Civil Engineering 15 2.48

Materials Today: Proceedings 15 2.48

Advanced Materials Research 13 2.15

Journal of Cleaner Production 13 2.15

Lecture Notes in Civil Engineering 13 2.15

Cement and Concrete Composites 11 1.82

IOP Conference Series: Earth and Environmental Science 10 1.65

The second- and third-most influential sources are IOP Conference Series: Materials
Science and Engineering and the International Journal of Civil Engineering and Technology, with
24 (3.96%) and 18 (2.97%) publications, respectively. Other prestigious outlets include the
Journal of Cleaner Production and Cement and Concrete Composites. Five of the top 10 sources
are conference proceedings, reflecting researchers’ preference for rapid dissemination and
peer feedback on empirical findings, a pattern often associated with fields still in their early
developmental stages as well as the convenience of conferences for sharing findings among
academia, industry, and policymakers.

4.2. Top Authors and Affiliations

The concentration of prolific authors and institutions in Southeast Asia (e.g., Malaysia,
Thailand, and India) reflects both geographical and economic realities, as these are among
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the world’s top rice producers and thus generate abundant RH waste [6,76], encouraged
by policies such as Malaysia’s National Biofuels Policy and Thailand’s Bio-Circular-Green
Economy Framework [31]. Co-authorship analysis in VOSviewer (272 of 1586 authors
meeting a two-document, two-citation threshold) identifies Mohd R. Hainin as the most
connected author (total link strength 40), and Natt Makul and Prinya Chindaprasirt as the
most prolific by documents (14 and 12, respectively); the top affiliation is Universiti Tun
Hussein Onn Malaysia (24 publications), with four of the top five affiliations based in
Malaysia. High intra-regional co-authorship density alongside weaker links to European
and North American institutions points to limited technology transfer and standardisation—
a theme that recurs in Section 7. Full author, co-authorship-network, and affiliation figures
are provided in Supplementary Materials (Figures S1–S3) to keep this section focused.

4.3. Top Research Funders and Countries

The National Natural Science Foundation of China (NSFC) leads RHA funding with
15 sponsored documents, followed by Brazil’s CNPq (14), CAPES (10), and Ministério da
Ciência, Tecnologia e Inovação (8), and the Thailand Research Fund (7)—reflecting the
incorporation of RHA research into national decarbonisation strategies such as China’s
“Dual-Carbon” initiative and Brazil’s National Policy on Circular Economy [5,77,78]. In-
dia, Malaysia, Thailand, China, and Indonesia are the top five research-active countries,
consistent with the large RH volumes generated by their rice-milling industries (~0.28 kg
RH per kg of rice milled [79]) and supported by policy frameworks such as Malaysia’s Bio-
Circular-Green Economy Model and India’s Waste-to-Wealth Mission [80,81]. Country-level
co-authorship analysis shows high interconnectivity (~72.6%), with India leading in total
publications (156; 2328 citations) and Malaysia in total link strength (38), and a notable cross-
continental cluster linking Hong Kong, China, Cyprus, and Japan—patterns consistent
with technology innovation system (TIS) theory and a broader consolidation of South–
South innovation links [33,35]. Full funder, country-output, and country-collaboration
figures are provided in Supplementary Materials (Figures S4–S6). Overall, the funding and
country landscape reflect a shift from locally based waste management toward interna-
tionally coordinated circular-economy frameworks, with sustained coordination between
funders and standard-setting institutions remaining central to RHA’s transition toward
zero-carbon construction.

4.4. Top-Cited Publications and Foundational Studies

The analysis of the most-cited publications offers insight into the scientific and intellec-
tual foundations of RHAC research; such heavily referenced studies represent milestones
that have driven both applied innovation and academic understanding of sustainable
cementitious systems. Table 8 lists the 10 most-cited publications from the 2007–2021
dataset (citation counts updated to 2025), which together have amassed over 5300 cita-
tions. The most influential paper, by Ganesan et al. [30], established that an optimal RHA
substitution range of 10–30% considerably improves compressive strength while decreas-
ing permeability. Related studies by Chindaprasirt and Rukzon [31] and Chindaprasirt
et al. [81] extended this groundwork by validating the synergistic effects of blending RHA
with palm oil fuel ash and fly ash, particularly for improving resistance to chloride and
sulphate attack.

https://doi.org/10.3390/jcs10080381

https://doi.org/10.3390/jcs10080381


J. Compos. Sci. 2026, 10, 381 17 of 38

Table 8. Top 10 most-cited publications on RHAC (2007–2021).

Reference Title Cited by

Ganesan et al. [30]
“Rice husk ash blended cement: Assessment of optimal level

of replacement for strength and permeability properties of
concrete”

926

Chindaprasirt and Rukzon [31] “Strength, porosity and corrosion resistance of ternary blend
Portland cement, rice husk ash, and fly ash mortar” 580

Chao-Lung et al. [82] “Effect of rice husk ash on the strength and durability
characteristics of concrete” 543

Saraswathy and Song [28] “Corrosion performance of rice husk ash blended concrete” 498

Givi et al. [33]
“Assessment of the effects of rice husk ash particle size on

strength, water permeability and workability of binary
blended concrete”

489

Van Tuan et al. [83] “Hydration and microstructure of ultra-high-performance
concrete incorporating rice husk ash” 487

Zain et al. [35] “Production of rice husk ash for use in concrete as a
supplementary cementitious material” 466

Chindaprasirt et al. [81]
“Resistance to chloride penetration of blended Portland

cement mortar containing palm oil fuel ash, rice husk ash and
fly ash”

473

Van Tuan et al. [34] “The study of using rice husk ash to produce
ultra-high-performance concrete” 493

Chindaprasirt et al. [29] “Sulphate resistance of blended cements containing fly ash
and rice husk ash” 407

The continued influence of these works underscores their enduring role in elucidating
the reaction mechanisms of RHA, particularly the formation of secondary calcium–silicate–
hydrate (C–S–H) gel and the refinement of pore structure. Subsequent studies by Givi
et al. [33] and Van Tuan et al. [83] advanced the microstructural understanding using XRD,
SEM, and TGA, thereby extending RHA’s applicability to ultra-high-performance concrete
(UHPC). The citation network in Figure 6, generated using VOSviewer, identifies three in-
fluential thematic groups: performance optimisation with emphasis on durability, strength,
and permeability; hydration and microstructure analysis exploring reaction mechanisms
through TGA, XRD, and SEM; and frameworks for hybrid SCM and sustainability, incorpo-
rating RHA with other ashes and eco-friendly binders. These clusters illustrate a field in
which conventional materials science increasingly intersects with computational modelling
and sustainability metrics. As shown in Section 5, citation surges observed between 2023
and 2025—driven by studies such as Kashem et al. [8] and Alamiery [14]—confirm that this
citation landscape is itself shifting toward AI-assisted, circular-economy-oriented research.

The citation landscape of journal sources was likewise assessed via VOSviewer
(Figure 7), applying a minimum threshold of five documents and five citations per source.
Of 224 indexed journals, 24 met these conditions, forming seven thematic groups of
1–6 nodes each. The largest (red) cluster comprises MATEC Web of Conferences, Advanced
Materials Research, and Procedia Engineering, reflecting the strong position of open-access
and conference-proceeding platforms in disseminating emerging RHA research. The blue
cluster is dominated by Construction and Building Materials (CBM), which has the largest
number of published documents (90), total citations (5682), and total link strength (337)
among all sources—confirming its status as the central, most influential journal in the
field. The prominence of CBM, Cement and Concrete Composites, and the Journal of Materials
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in Civil Engineering shows that established civil and materials journals have embraced
RHA research within the wider discourse on low-carbon concrete and sustainable binders,
while clusters comprising Applied Mechanics and Materials, Crystals, and Key Engineering
Materials reveal RHA’s cross-disciplinary extension into nanotechnology, materials science,
and environmental engineering. The presence of the Journal of Cleaner Production and the
Journal of Environmental Management in neighbouring groups reflects growing interest in the
circular economy and sustainability dimensions of RHA utilisation. Overall, this network
topology suggests an evolution from regionally based, conference-oriented publication
(pre-2015) toward peer-reviewed, high-impact, transnational journals in more recent years—
consistent with the scientific legitimisation and institutionalisation of RHA research within
international advances in green construction.

Figure 6. Citation network visualisation of the most-cited publications on RHAC (2007–2021).

Figure 7. Network visualisation of journal/source citation clusters for RHAC research (2007–2021).

Table 2 summarises 14 of the most influential early studies identified through the bib-
liometric analysis, illustrating the empirical foundations spanning corrosion performance,
sulphate resistance, optimal replacement levels, hydration behaviour, and non-cement
binder fabrication that underpin the recent developments reviewed in Section 5.

The combination of high-impact foundational studies (Table 2) and the citation surge
observed after 2021 (Figure 6) indicates that, by the close of the bibliometric window, RHA
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research was already pivoting toward computational and sustainability-oriented themes.
Section 4.5 extends this picture using a real Scopus-derived corpus of literature from 2022
to 2026, before Section 5 discusses a curated set of these studies in narrative depth.

4.5. Corpus-Level Thematic Analysis (2022–2026)

Where Sections 4.1–4.4 characterise the structural evolution of RHA research up to
2021, this section applies the same Scopus-based logic to the period immediately follow-
ing, using the 1423-record corpus and methodology described in Section 3.2. Table 5
reports the prevalence of six cross-cutting themes across the full corpus, each defined
by a reproducible set of keywords (available from the corresponding author on request)
and assigned on a multi-label basis (a single record may match more than one theme, so
percentages do not sum to 100%). Sustainability issues (29.4% of the corpus) and emerging
technologies—principally geopolymer, alkali-activated, and UHPC systems (26.1%) are
the two largest cross-cutting themes, followed by AI/ML applications (12.0%) and new
production/processing methodologies (8.6%). Industry adoption (0.8%) and policy devel-
opments (0.3%) remain marginal, corroborating, with corpus-wide evidence rather than
a small illustrative sample, the standardisation and adoption gaps (G3, G6) identified in
Section 7. A further 46.9% of records could not be matched to any of the six advanced
themes and instead concern baseline mechanical or durability performance, the continuing
empirical core of the field, consistent with the foundational studies summarised in Table 2.

Tracking these themes by publication year (Figure 1) shows that sustainability issues
grew from 19.9% of annual records in 2022 to 37.0% in 2025, by far the fastest-growing
theme in the corpus, while emerging technologies grew more gradually (22.3% to 26.6%)
and AI/ML applications remained comparatively flat (9.9% to 13.7%, with a recent uptick).
This is an important correction to the framing in earlier drafts of this manuscript, which,
based on a small illustrative sample, had characterised machine learning as the single
largest and fastest-growing theme in the recent literature; the full corpus instead shows
sustainability and life-cycle-oriented research as the dominant growth driver, with com-
putational methods forming a stable but comparatively smaller share of annual output.
Both trends are consistent with, and now quantitatively grounded in, the Present-phase
narrative developed in Section 6.

5. Recent Developments (2022–2026): A Systematic Literature Review
While the bibliometric analysis establishes the historical evolution and structural

dynamics of RHA research up to 2021, it cannot, by design, capture developments published
after the data-extraction date. Section 4.5 addressed this at the corpus level, classifying all
1423 Scopus-indexed records from 2022 to 2026 across six cross-cutting themes. This section
complements the quantitative picture with a narrative reading of 39 methodologically
notable studies from within that corpus, selected to illustrate each theme in technical depth
(Tables 5 and 6), tracing how the thematic clusters identified bibliometrically—performance
optimisation, sustainability, and emerging computational methods—have continued to
develop in the most recent literature.

5.1. Microstructural Mechanisms of RHA

Before reviewing the recent performance and modelling literature in detail, it is useful
to set out explicitly the reaction mechanism that underlies essentially all of the findings
discussed in this section, since the bibliometric analysis (Section 4.4) shows this mecha-
nism has remained the field’s stable scientific core even as research emphasis has shifted
toward sustainability and computation. RHA’s reactivity originates from its amorphous
(non-crystalline) silica content, typically 85–95% SiO2 by mass when combustion is prop-
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erly controlled [5,6]; by contrast, crystalline silica polymorphs are essentially inert under
ambient curing conditions. This amorphous silica reacts pozzolanically with calcium hy-
droxide (Ca(OH)2, or “CH”) liberated during Portland cement hydration, consuming CH
and producing secondary calcium–silicate–hydrate (C–S–H) gel in addition to the primary
C–S–H formed from clinker hydration [28,83]. Because secondary C–S–H is more poorly
crystalline and finer-grained than primary C–S–H, it preferentially fills capillary pores and
refines the pore-size distribution of the cement matrix [6,83].

This pore refinement is most pronounced in the interfacial transition zone (ITZ), the
relatively porous, CH-enriched region surrounding aggregate particles, which is normally
the weakest and most permeable part of the concrete microstructure. By consuming CH
preferentially in this zone and depositing secondary C–S–H within it, RHA densifies the
ITZ and reduces the connectivity of the capillary pore network, which is the principal
mechanism behind the simultaneous gains in compressive strength, reduced permeability,
and improved resistance to chloride and sulphate ingress reported throughout Sections 4.4
and 5.2 [29,30,81,83]. The rate and extent of this reaction are governed primarily by two
processing parameters discussed further in Section 5.3: combustion temperature, which
determines the proportion of silica retained in amorphous (reactive) versus crystalline
(inert) form, and particle fineness, which determines the specific surface area available for
pozzolanic reaction. Figure 8 summarises this reaction pathway schematically.

Empirical characterisation studies corroborate this mechanism directly, rather than
only by inference. SEM imaging of RHA-blended pastes consistently shows a visibly
densified, less porous matrix and a narrower, less defect-prone interfacial transition zone
than plain OPC paste, particularly once RHA has been ground to sub-10 µm fineness [6,33].
XRD patterns of RHA-blended systems typically show reduced portlandite (Ca(OH)2)
peak intensity relative to plain OPC at equivalent curing age, consistent with CH con-
sumption during the pozzolanic reaction, while the absence of new crystalline phases
beyond those already present in ordinary hydration is itself informative: the bulk of the
additional reaction product is the poorly crystalline secondary C–S–H described above,
rather than a distinct mineral phase [34,83]. Thermogravimetric analysis (TGA) provides
a complementary quantitative check on the same process: the mass-loss step associated
with portlandite decomposition (typically in the 400–450 ◦C range) is measurably smaller
in RHA-blended pastes than in plain OPC paste at matched curing age, directly evidencing
CH consumption, while bound-water content associated with C–S–H decomposition is
correspondingly higher [83]. SEM, XRD, and TGA therefore converge on the same physical
picture summarised in Figure 8, providing methodologically independent confirmation of
the mechanism rather than a single-technique inference.

Figure 8. Microstructural reaction pathway of RHA pozzolanic activity, from amorphous silica
through CH consumption and secondary C–S–H formation to ITZ densification and pore refinement.
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5.2. Performance and Microstructural Advances

Foundational studies established that RHA improves concrete performance primar-
ily through the formation of secondary calcium–silicate–hydrate (C–S–H) gel and the
refinement of pore structure [28,83], with controlled processing further enabling its use in
ultra-high-performance concrete (UHPC) systems [9]. Building on this established under-
standing, the literature published since 2022 confirms and extends these mechanisms using
more advanced characterisation. Bayaidah et al. [7] reported that ultrafine RHA improves
both compressive strength and durability through enhanced particle packing and increased
pozzolanic activity, while Kashem et al. [8] showed that, with controlled processing and
optimisation of particle fineness, RHA-based systems can be tailored for high-performance
applications such as UHPC. These findings indicate that RHA has evolved from a basic
SCM into a material capable of meeting advanced engineering performance requirements.

The literature does not converge on a single optimal replacement level: reported
optimal levels range from 5% to 20% depending on RHA fineness, burning temperature,
and the water–cement mix ratio, and reported strength effects at a given replacement level
vary correspondingly across studies. Table 3 synthesises quantitative compressive-strength
outcomes reported at specific RHA replacement levels across the screened literature. Rather
than implying false precision through a single best-fit curve, the table is presented as a
range to make this study-to-study variability explicit, itself an argument for the production-
standardisation gap (G1) discussed in Section 7, since variability of this magnitude across
studies using nominally similar replacement levels is difficult to reconcile without stan-
dardised combustion and fineness protocols.

Despite this variability, the directional pattern for strength is consistent: gains are con-
centrated in the 5–15% replacement range, with diminishing or mixed returns above approx-
imately 20%, broadly corroborating the 10–30% range identified as safe in the foundational
literature (Table 2) while suggesting the lower half of that range is where the most consis-
tent strength gains are reported. Durability behaves differently. A 2025 database-driven
synthesis of over 1000 data points drawn from the 1996–2022 literature finds that chloride
penetration, porosity, water absorption, and mass loss under sulphuric-acid exposure all
continue to decrease, and electrical resistivity and chloride-diffusion resistance continue to
improve, up to a database-wide optimum of 30% cement replacement—specifically, chlo-
ride penetration falls below 1000 coulombs (the threshold for low chloride permeability)
only once replacement exceeds 30% [44]. This means the strength-optimal and durability-
optimal replacement levels do not necessarily coincide: a mix optimised purely for 28-day
compressive strength (typically 5–15% per Table 3) may leave durability gains on the table
that would only be realised at closer to 30% replacement, particularly for chloride-exposed
applications such as marine or de-icing-salt environments. This distinction matters for mix
design in practice and is a direct, evidence-based reason to specify RHA dosage according
to exposure class rather than a single blanket optimum.

5.3. Advances in Production and Processing Techniques

Early studies established that controlled combustion in the 500–800 ◦C range is es-
sential for preserving amorphous silica content and pozzolanic reactivity [6,17], with
pre-treatment methods such as acid washing further improving silica purity [76]. Build-
ing on this foundation, recent (2022–2026) research has focused on improving the scal-
ability and consistency of RHA production. Aliyu [5] demonstrated that fluidised-bed
combustion and microwave-assisted pyrolysis produce RHA with more uniform particle
properties and lower residual carbon content than conventional open-burning methods, di-
rectly addressing the variability that has historically constrained large-scale RHA adoption
and standardisation.
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5.4. Environmental, Economic and Sustainability Implications

Life-cycle assessment (LCA) studies completed toward the end of the bibliometric
window already indicated substantial environmental benefits: Ganesan et al. [10] demon-
strated that RHA-based concrete reduces overall life-cycle environmental impact, thereby
motivating more detailed economic and decarbonisation analyses. Building on this, Oz-
turk et al. [2] conducted a database-driven evaluation confirming that RHA concrete can
simultaneously reduce CO2 emissions, lower production cost, and maintain eco-strength
efficiency across a wide range of mixes. Pham and Tran [1] further situate RHA within
circular-economy frameworks, demonstrating how agricultural waste can be valorised into
high-value, low-carbon binder systems. Hybrid systems incorporating RHA with other
SCMs, such as fly ash, slag, and waste glass powder, have also shown synergistic effects
on both mechanical performance and environmental sustainability [11], reinforcing that
the future of RHA lies in multi-material and circular construction systems rather than as a
standalone material.

5.5. Machine Learning and Data-Driven Modelling

One of the most significant developments to emerge from the post-2021 literature is
the application of machine learning (ML) and deep learning (DL) for predictive modelling
and optimisation, building on early exploratory work by Ghorbani and Mohammadi [12]
and Tran et al. [13], who demonstrated that ML models can capture the complex, nonlin-
ear relationships between RHA mix parameters and concrete performance. Since 2022,
this line of work has matured considerably and broadened substantially in scope: of the
39 studies reviewed in this SLR, 16 apply ML or DL methods (Table 5), making this the sin-
gle largest thematic cluster within this curated illustrative subset. At corpus level, however,
machine learning is not the dominant theme: as reported in Section 4.5, AI/ML applications
account for 12.0% of the full 1423-record corpus, a smaller share than sustainability issues
(29.4%) or emerging technologies (26.1%). The apparent prominence of ML in this sec-
tion therefore reflects the deliberate, methodologically weighted selection of the 39-study
subset rather than the balance of the corpus as a whole. Kashem et al. [8] reported that
hybrid ML algorithms can achieve high predictive accuracy for the compressive strength
of RHA concrete, while Alamiery [14] introduced symbolic regression models that not
only predict performance but also provide interpretable relationships between variables,
enhancing understanding and decision-making. Datta [15] further extended this by show-
ing that ML-based optimisation can simultaneously improve mechanical performance
and reduce environmental impact, thereby demonstrating the potential of multi-objective
optimisation frameworks.

A substantial sub-cluster of this literature focuses on architectural and algorithmic
comparisons. Al-Hashem et al. [46] showed that both artificial neural network (ANN) and
gene expression programming (GEP) models accurately predict the compressive strength
of concrete containing fly ash and RHA, while Li et al. [47] improved on standalone ANN
approaches by optimising the network with a reptile search algorithm. Amin et al. [60]
compared optimised and hyper-tuned ML models for RHA as an SCM, and Paul et al. [57],
Hoang and Nguyen [58], and Karim et al. [59] each extended this work with deep learning
and hybrid architectures, the latter using SHAP and partial dependence plot (PDP) analyses
to identify which mix variables most strongly drive the predicted compressive strength—
an interpretability step that is increasingly expected alongside raw predictive accuracy.
Alyami et al. [12] and Al-Shamasneh et al. [13] both benchmarked multiple ML algorithms
against one another, with the latter comparing twelve algorithms and finding that support
vector regression (SVR), Gaussian process regression (GPR), and NuSVR performed best.
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The most recent studies in this cluster move toward ensemble and metaheuristic-
optimised architectures. Yang et al. [48] hybridised XGBoost with three metaheuristic
optimisers (Northern Goshawk, Arctic Puffin, and Catch Fish Optimisation), finding that
cement content remained the most influential predictor of strength. Çaglar [49] combined
ensemble learning with multi-objective optimisation to balance compressive-strength pre-
diction against CO2 and SO2 emission reduction, while Ullah et al. [72] and Xu and Lu [50]
applied response-surface and hybrid SVR/ANN approaches, respectively, to further re-
fine prediction accuracy for RHA and RHA–microsilica concrete systems. Collectively,
these studies mark a clear transition from trial-based experimentation to predictive, data-
driven material design, in which computational models play a central role in optimising
both performance and sustainability outcomes, and in which model interpretability and
multi-objective trade-offs are emerging as the field’s next methodological frontier.

To move beyond a narrative account and enable cross-study benchmarking, Table 9
compares the machine learning studies reviewed here on the dimensions most relevant to
reproducibility: dataset size and provenance, input variables, validation strategy, reported
predictive accuracy, and the interpretability method employed. Three patterns stand out.
First, reported dataset sizes span almost an order of magnitude, from a few hundred
laboratory records [47,48] to more than 1400 literature-compiled observations [8], and
most datasets are assembled from heterogeneous published sources rather than a single
controlled campaign, so the high accuracies frequently reported (often R2 > 0.93) partly
reflect curated, in-distribution data and may not transfer to field mixes. Second, the
input feature sets are strikingly uniform—essentially the same six-to-seven mix-proportion
variables (cement, RHA, water, aggregates, superplasticiser, and curing age)—and almost
every study targets 28-day compressive strength alone; durability, shrinkage, and life-cycle
indicators are largely absent as prediction targets, mirroring the strength-versus-durability
divergence noted in Section 5.2. Third, interpretability has shifted from an afterthought
to an expected component, with SHAP, partial dependence, and symbolic (GEP/MEP)
methods now standard in the most recent studies [12–14] and consistently identifying
cement content and the water-to-binder ratio as the dominant predictors. The homogeneity
of inputs and targets, combined with reliance on heterogeneously sourced datasets, is itself
evidence for the standardisation and open-data gaps discussed in Sections 5.8 and 7.

Table 9. Comparison of representative machine learning studies predicting the compressive strength
of RHA concrete (2022–2026).

Study [Ref],
Year ML/DL Method(s) n Input Variables Validation Best Reported

Accuracy
Interpretability/Key

Feature

Al-Hashem et al.
[46], 2022 ANN; GEP 310

(217/93)
OPC–FA–RHA

mix constituents
70:30

hold-out

ANN R2

0.94/0.88 (tr/ts);
GEP R2

0.80/0.70

Parametric + sensitivity;
closed-form GEP

equation

Amin et al. [60],
2023

CatBoost, GBM,
CNN, GRU 1212

7: cement,
water, RHA,

fine agg., coarse
agg., age, SP

Train/test; 6
error indices

R2 > 0.975 (tr),
>0.925 (ts)

ML-vs-DL family
comparison

Li et al. [47],
2023

ANN +
reptile-search

optimiser (circle
mapping)

NR * RHA-concrete
mix constituents Train/test

Hybrid ANN
outperforms
standalone

ANN

Sensitivity: curing age
most influential

Kashem et al.
[8], 2024

LGB, XGB, RF +
hybrid ML 1404

6: cement, RHA,
curing age,

water,
aggregate, SP

Train/test
High-accuracy

hybrid ML (best
of set)

Parametric analysis of
variable effects

Alyami et al.
[12], 2024

RF, LightGBM,
ridge, XGBoost 348 5 RHA-concrete

mix features Train/test LightGBM
R ≈ 0.998 (ts)

SHAP; water/cement
identified as controlling
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Table 9. Cont.

Study [Ref],
Year ML/DL Method(s) n Input Variables Validation Best Reported

Accuracy
Interpretability/Key

Feature

Al-Shamasneh
et al. [13], 2025

12 algorithms (SVR,
GPR, NuSVR,

XGBoost, ETR, DTR,
GBR, HGBR,

ANN. . .)

500 + 30
ext.

7: W/B, cement,
SP, water, RHA,
coarse agg., fine

agg.

k-
fold/nested

CV

SVR, GPR,
NuSVR

R2 > 0.93; DTR
R2 < 0.53

SHAP + permutation
importance

Yang et al. [48],
2025

XGBoost +
NGO/APO/CFOA

vs RF, SVR
291 7 RHA-concrete

mix variables Train/test
APO–XGBoost
R2 0.958, RMSE

3.55 MPa (ts)

Feature importance:
cement most influential

Alamiery [14],
2026

GEP, MEP
(symbolic

regression)
NR *

6: cement, RHA,
water, SP, age,

fine agg.
Train/test

Interpretable
closed-form CS

equation

SHAP-based
interpretation

* NR = not reported in the source consulted. tr = training, ts = testing. All models predict 28-day compressive
strength (CS); none of the studies reviewed targets a durability or life-cycle indicator as its prediction output, itself
a research gap identified in Section 7.

5.6. Digital Twins and Emerging Construction Technologies

Beyond machine learning, digital technologies are beginning to influence RHA re-
search, although this remains the least developed of the themes reviewed here. Digital twin
technology, which enables real-time simulation and monitoring of structural performance,
has been proposed in the broader concrete and infrastructure literature as a means of
supporting predictive maintenance and life-cycle optimisation; however, RHA-specific
applications of digital twins were not identified in the screened literature, representing a
clear research opportunity rather than an established finding. More concretely, recent stud-
ies have explored the integration of RHA into other emerging construction technologies:
Behfarnia et al. [18] demonstrated the potential of natural pozzolan-based geopolymers
incorporating RHA for high-temperature-resistant applications, while Rashidi et al. [19]
examined the microstructural performance of alkali-activated ferro-silicomanganese slag
systems relevant to RHA-blended alkali-activated binders. These applications remain com-
paratively underexplored compared with conventional OPC–RHA systems, underscoring
the integration of RHA into digital construction and advanced manufacturing processes
as a key frontier for the field, which is discussed further in the proposed framework in
Section 8.

5.7. Comparative Performance with Other Supplementary Cementitious Materials

Many recent studies have assessed RHA against other SCMs—fly ash (FA), silica
fume (SF), ground granulated blast-furnace slag (GGBFS), and metakaolin (MK)—which
differ in reactivity, composition, and performance [84,85]. While SF offers ultrafine particle
size and high pozzolanic reactivity, FA and GGBFS primarily provide latent hydraulic
characteristics, and MK offers strong pozzolanic activity at low replacement levels. RHA is
differentiated by its biogenic origin, high amorphous silica content, and comparatively low
environmental footprint. Ternary blends incorporating SF, RHA, and GGBFS have shown
superior performance: Gupta et al. [86] reported a 6–13% increase in compressive strength
for RHA–SF–GGBFS ternary binders, while Bameri et al. [11] found pronounced improve-
ments in sulphate resistance and surface resistivity for comparable eco-friendly blends
incorporating waste glass powder. In alkali-activated systems, RHA-relevant binders
have shown microstructural improvements comparable to those in slag-based systems [11]
and high-temperature stability comparable to that of natural pozzolan-derived geopoly-
mers [18]. Bayaidah et al. [7] further showed that ultrafine RHA improves both strength
and durability while reducing carbon emissions and reusing agricultural waste, consistent
with global sustainability goals. Table 10 quantifies these comparisons directly, address-
ing the question of why an industry stakeholder might choose RHA over an established
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SCM: on raw strength contribution alone, RHA is not the strongest performer of the
five—metakaolin and fly ash report larger gains at their respective optimal replacement
levels (Table 10) but RHA offers the most direct waste-valorisation and circular-economy
case of the group, drawing on an agricultural by-product stream of roughly 70 million
tonnes per year [87] that would otherwise be burned or landfilled. The trade-off, made
explicit in the final column of Table 10, is that this advantage is currently offset by weaker
production standardisation than fly ash, silica fume, or GGBFS, each of which benefits from
decades of industrial-scale processing and ASTM/EN specification coverage that RHA
largely lacks (Section 7, G1).

Table 10. Quantitative comparison of RHA with other established supplementary cementitious materials.

SCM Typical
Replacement Strength Effect Durability

Contribution CO2/Sustainability Cost & Availability

Fly Ash (FA) 10–20% Up to +30% at
28 days [87]

Reduces
permeability;

+15–20% long-term
durability gain [43]

Ranked highest of
27 SCMs assessed
[25]; cuts cement
GWP 50–90% [25]

Lowest cost;
~750 Mt/yr,

declining with
coal-plant

closures [25]

Silica Fume
(SF) 5–15%

Substantial gains
at 5–15%, very
high reactivity

Very effective at
controlling RAC
durability and

chloride ingress [15]

Energy-intensive
by-product; high
reactivity offsets

footprint

Higher cost;
~1.5 Mt/yr,

silicon-producing
regions only [25]

GGBFS 30–55% ~+25% at 30%
replacement [87]

Strong long-term
durability and

sulphate resistance
[25]

Ranked 2nd–3rd of
established SCMs

[25]

Moderate cost; tied
to steel output,

~300–360 Mt/yr [25]

Metakaolin
(MK) ~10% Up to +40% at 10%

replacement [87]

Refines pore
structure; reduces

permeability

Ranked lowest of
the five on

combined criteria
[25]

Higher cost;
engineered, less

regionally abundant
[25]

Rice Husk Ash
(RHA) 5–20%

+9–29%,
study-dependent

(Table 3)

Improves
chloride/sulphate
resistance via ITZ

densification
(Section 5.1; Table 2)

Strongest
circular-economy
case; ~70 Mt/yr

generated [87]; least
standardised

Low cost where
milling is

concentrated;
processing

consistency is the
barrier (Section 5.8)

5.8. Standardisation and Industrial-Adoption Barriers

Section 4.5 and Table 6 show that industry adoption and policy are, by a wide mar-
gin, the most marginal themes in the 2022–2026 corpus (0.8% and 0.3% of 1423 records,
respectively), and Table 10 identifies standardisation as the specific axis on which RHA
lags its established competitors. It is useful to be concrete about what this gap consists
of. RHA is not explicitly covered by the two standards that govern the established SCMs
compared in Table 10: ASTM C618, which specifies requirements for coal fly ash and raw
or calcined natural pozzolans (Class N), and EN 197-1, which specifies the composition
of common cements incorporating recognised mineral additions. Some studies test RHA
against the ASTM C618 Class N loss-on-ignition and fineness criteria as a practical proxy,
but a recent synthesis of SCM standardisation notes that RHA does not, strictly, meet
the standard’s definition of a natural pozzolan, since it originates from an annually culti-
vated crop residue rather than a geological deposit [88]. The consequence is concrete: in
a recent standardisation-focused study of blended Portland cements in Spain, one of the
European Union’s largest rice producers, the authors note explicitly that RHA use as a
mineral addition in cement manufacture is not currently permitted under EN 197-1, despite
demonstrating technical feasibility as a pozzolanic material since the 1970s, and propose
provisional designations (e.g., CEM II/A-H, CEM II/B-(H-V), using “H” to denote RHA
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in blended cements) precisely because no standard category yet exists [89]. This is the
regulatory mechanism underlying gap G1 and G6 (Table 5): without a recognised standard
designation, specifiers, ready-mix producers, and certification bodies have no compliance
pathway for RHA-blended cement, regardless of its demonstrated laboratory performance.

This regulatory gap compounds, rather than merely accompanies, the production
variability discussed in Section 5.3: because no standard specifies acceptable combustion
temperature, fineness, or amorphous silica thresholds for RHA destined for cement use,
individual producers and researchers each define their own quality criteria, which is part of
why Table 3 shows such wide variation in reported strength outcomes at nominally similar
replacement levels. By contrast, fly ash and GGBFS benefit from decades of standardised
classification (e.g., ASTM C618 Class F/C for fly ash) that allows a specifier to write “20%
Class F fly ash” into a project specification with a well-defined compliance test. Commercial-
scale RHA use to date is correspondingly limited to contexts where a producer controls the
full chain from rice mill to concrete batching plant, or to jurisdictions and project types (e.g.,
low-rise rural construction in rice-producing regions) where formal standard compliance is
less strictly enforced; large-scale, standards-governed infrastructure projects remain largely
inaccessible to RHA under current regulatory frameworks.

Quality control is the practical mechanism through which this standardisation gap is
currently, imperfectly, managed in the absence of a governing standard. Where RHA is used
commercially today, producers typically substitute project-specific acceptance testing for
loss-on-ignition, fineness (Blaine or sieve residue), and a strength activity index test against
a reference mortar, modelled on the testing battery in ASTM C618 already mandated for fly
ash and natural pozzolans, for the standard designation that does not yet exist. This works
at small scale, where a single producer–batcher relationship allows direct verification of
every batch, but it does not substitute for a standard at the scale Table 10 implies fly ash,
GGBFS, and silica fume currently operate at: without a published specification, a ready-
mix producer sourcing RHA from multiple rice mills, or a national highway authority
specifying RHA for a public infrastructure contract, has no independent, third-party-
auditable basis for batch acceptance or rejection. This is the immediate, practical reason
the production-standardisation gap (G1) and the industrial-adoption gap (G6, Table 5) are
mutually reinforcing rather than independent: standardisation would not only legitimise
RHA-blended cement under EN 197-1 or ASTM C618 but would also furnish the quality-
control test methods that currently have to be improvised project by project.

Closing this gap, via either an RHA-specific designation in a future revision of ASTM
C618 or EN 197-1, or a recognised national standard in major rice-producing countries,
is therefore not a secondary recommendation but a precondition for the industrial-policy
adoption tier (Tier 5) of the framework proposed in Section 8.

5.9. Synthesis: From Material Optimisation to Intelligent Systems

Read together, the studies reviewed in this section describe a coherent three-phase
progression in RHA research. The first phase (Past, 2007–2015) was dominated by exper-
imental validation and feasibility studies establishing basic mechanical and pozzolanic
performance. The second phase (Past, 2016–2021) shifted toward microstructural and dura-
bility optimisation, supported by more advanced characterisation techniques (XRD, SEM,
TGA) and the first life-cycle assessments. The third phase (Present, 2022–2026) is defined by
data-driven modelling and digital integration, in which machine learning, multi-objective
optimisation, and early digital and alkali-activated applications increasingly complement,
rather than replace, the experimental foundations of the first two phases. This progression
demonstrates that RHA is no longer simply a supplementary material but is evolving
into a component of sustainable, intelligent, and digitally integrated construction systems.
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Table 5 and Table 6 summarise, respectively, the individual studies reviewed in this section
and the six thematic categories used to organise them, providing a transparent basis for the
integrated discussion in Section 6.

6. Integrated Discussion
Figure 9 synthesises the evidence reviewed across Sections 4 and 5 into a single causal

pathway, from RHA processing decisions through the resulting microstructure to concrete
performance and, ultimately, sustainability outcomes. The dashed feedback loop reflects
the standardisation and quality-control gap identified in Section 5.8: without standardised
processing and quality control, the performance and sustainability gains shown in the
diagram cannot be reliably or consistently realised at industrial scale, which is precisely
why that gap is treated throughout this discussion as a precondition for, rather than a
parallel track to, further materials science progress.

Figure 9. Integrated synthesis of the RHA processing–microstructure–performance–sustainability
pathway, with the standardisation and quality-control feedback loop (Section 5.8) shown as the
binding constraint on industrial-scale realisation.

6.1. Connecting the Bibliometric and Literature Evidence: A Past–Present–Future Narrative

The value of the hybrid BA-SLR design lies in explicitly connecting what the biblio-
metric analysis shows about the structure and history of the field with what the systematic
review shows about its most recent scientific content. The bibliometric analysis identi-
fied sustainability, durability, and microstructural performance as the dominant themes
shaping RHA research up to 2021, supported by a citation network still centred on founda-
tional strength- and permeability-focused studies (Section 4.4). The systematic review of
the 2022–2026 literature shows that this foundation has since been extended, rather than
replaced: post-2021 studies increasingly combine the same underlying pozzolanic and mi-
crostructural mechanisms with AI-driven optimisation, more detailed life-cycle accounting,
and early exploration of geopolymer and alkali-activated applications (Section 5). Read
together, the two strands of evidence describe a coherent Past–Present–Future trajectory:
a Past (2007–2015) of experimental feasibility, a Present (2016–2025, spanning the end of
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the BA window and the SLR period) in which microstructural optimisation has matured
into data-driven and sustainability-integrated design, and an emerging Future, addressed
directly in Sections 7 and 8, in which standardisation, large-scale validation, and digital
integration must be resolved before RHA can move from laboratory-scale innovation to
mainstream industrial practice.

6.2. Research Trends and Growth (Past)

The bibliometric analysis shows a marked rise in RHA publications after 2017, coin-
ciding with global climate initiatives and rapid developments in digital-materials research
more broadly. Asian nations, led by Malaysia, India, China, and Thailand, dominate publi-
cation output and cross-institutional partnerships, reflecting both the accessibility of rice
husk feedstock and national strategies promoting the sustainable valorisation of biomass
(Section 4.3). Co-citation and co-authorship networks reveal robust intra-regional collab-
oration, though improved technology transfer and international standardisation remain
needed (Section 4.2). The growing trend toward cross-border collaboration, particularly
among South–South nations, highlights the diffusion of sustainable material innovation
across emerging economies.

6.3. Technological and Methodological Advances (Present)

The combined evidence base traces a clear methodological trajectory. Feasibility stud-
ies in the early 2010s identified optimal substitution levels and the combustion parameters
critical to pozzolanic reactivity (Table 2). The following period brought substantial advances
in microstructural characterisation via XRD, SEM, and EDX—deepening understanding
of RHA’s hydration mechanisms and nanostructure (Section 4.4). As detailed in Section 5,
this trajectory has, since 2022, extended further into machine learning, deep learning,
and life-cycle assessment, transforming RHA optimisation from an experimental practice
into an increasingly data-driven, predictive science. Combustion of rice husk within the
600–800 ◦C range remains the accepted standard for producing highly reactive, amorphous,
silica-dense ash, while emerging synthesis techniques such as fluidised-bed combustion
and microwave-assisted pyrolysis (Section 5.3) are improving the reproducibility, sta-
bility, and scalability of RHA production. Combined with hybrid ML–LCA modelling
(Sections 5.4 and 5.5), these developments lay the groundwork for more complete sus-
tainability optimisation, positioning RHA as a keystone material within next-generation,
data-informed cementitious systems.

6.4. Environmental, Economic, and Practical Implications

RHA utilisation in cementitious systems delivers a dual benefit of waste valorisa-
tion and carbon reduction: substituting 10–30% of cement with RHA lowers the CO2

footprint of concrete by an amount that is best expressed as a range rather than a single
figure. A database evaluation by Ozturk et al. [2] reports carbon footprint reductions
on the order of 25% at optimal replacement, and a more recent database synthesis finds
reductions of up to roughly 40% where RHA is combined with other pozzolans such as
fly ash or metakaolin [44]; these authors emphasise, however, that the achievable reduc-
tion is strongly conditional on the life-cycle system boundary and, in particular, on the
combustion method used to produce the ash (controlled or energy-recovery combustion
versus open burning), the replacement ratio, and transport distance, so that a fixed per-
centage cannot be quoted independently of these assumptions [2,10]. Within these caveats,
the reduction is achieved while maintaining or improving mechanical performance and
resistance to chloride and sulphate attack [29,30,81] a meaningful contribution given that
cement production is a major global source of greenhouse gas emissions. These durability
gains are particularly valuable in HPC and UHPC applications in industrial, marine, and
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otherwise aggressive environments, where corrosion protection and long service life are
critical [28,77,83]. Economically, RHA is most competitive in regions where rice-milling
waste and decentralised biomass-calcination infrastructure are already abundant, rein-
forcing the link between agricultural-waste management and circular-economy-oriented
infrastructure development. The growing combination of machine learning, deep learn-
ing, and digital twin-oriented thinking (Sections 5.5 and 5.6) is further transforming how
RHA-based concretes are designed and managed, enabling predictive mix optimisation
and life-cycle forecasting that reduce experimental cost and improve precision [12–15].
Taken together, these developments strengthen RHA’s role as a key enabler of the transition
toward circular, sustainable, and intelligent construction practice, a role formalised in the
framework proposed in Section 8.

7. Research Gaps and Future Directions
Although the merits of RHA as an SCM are well-established, several unresolved

challenges continue to limit its widespread use in sustainable construction. The most
pressing issue is the absence of consistent production procedures, particularly regarding
fineness optimisation, amorphous silica content, and combustion temperature; the lack
of reliable processing standards leads to inconsistent performance and reactivity, limiting
comparability and industrial confidence across studies. This gap could be addressed
through internationally calibrated certification frameworks that ensure consistent quality
and reproducibility in RHA utilisation. A second key challenge concerns the optimal
replacement level under diverse service conditions, including HPC, UHPC, and chloride-,
sulphate-, or acid-rich environments. While laboratory studies consistently demonstrate the
effectiveness of 10–30% replacement, the absence of large-scale validation and long-term
field data prevents decisive performance benchmarking; future work should therefore
prioritise multi-regional pilot schemes and extended durability evaluations to close the gap
between controlled experimental results and real-world performance.

The scientific progression documented in Section 5 presents not only a gap but also an
opportunity. The growing use of machine learning, deep learning, and digital twin-oriented
approaches offers substantial potential for predictive optimisation and real-time monitoring
of RHA-based concretes; however, progress remains constrained by data fragmentation
and the absence of open-access digital datasets. Shared, standardised datasets and AI-ready
data infrastructure would materially improve the accuracy of predictive modelling and
accelerate RHA optimisation in practice. Equally important is the still-limited application of
life-cycle assessment (LCA) and life-cycle cost analysis (LCCA) across regions; expanding
these frameworks would support a more holistic accounting of the socio-economic and
environmental benefits of RHA utilisation, thereby directly supporting circular-economy
research objectives.

As summarised in Table 11, the identified research gaps are supported by both the
bibliometric analysis and the systematic literature review. The BA highlights fragmented
collaboration networks, regional research clustering, and limited thematic centrality of sus-
tainability and digitalisation, while the SLR confirms persistent challenges related to RHA
variability, techno-economic uncertainty, and insufficient industrial-scale implementation.

The exploration of RHA in emerging construction technologies remains at an early
stage. Beyond the alkali-activated, 3D-printed, and hybrid SCM systems already dis-
cussed (Sections 5.6 and 5.7), several materials science-specific directions stand out as
particularly promising and currently underexplored for RHA specifically, even where
they are more mature for other SCMs: nano-engineered RHA (surface-functionalised or
nano-silica-blended RHA, paralleling recent nanomaterial-blended cement composite re-
search [25]); deeper integration of RHA into UHPC mix design beyond the binary blends
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reviewed in Section 5.2; RHA-specific geopolymer and alkali-activated binder systems,
which remain comparatively underexplored relative to fly ash- and slag-based geopoly-
mers; hybrid multi-SCM systems combining RHA with fly ash, GGBFS, or metakaolin
to offset RHA’s standardisation weaknesses with the more mature supply chains of its
established counterparts (Table 10); AI-assisted mix design extending the predictive mod-
elling reviewed in Section 5.5 toward real-time, plant-level process control; 3D-printed
and additive manufacturing concrete incorporating RHA, building on early feasibility
work [68]; and carbon-negative or net-negative concrete formulations that combine RHA
with carbonation-curing or CO2-mineralisation technologies, a combination not yet re-
ported for RHA specifically in the screened literature. Future research should focus on
integrating AI and other digital tools into process control, mix design, and performance
forecasting for these next-generation applications. Figure 10 illustrates the research gaps
and corresponding future directions for RHAC research.

Table 11. Mapping of identified research gaps to evidence from the BA and SLR.

No. Research Gap Evidence from BA Evidence from SLR

G1
Lack of standardised RHA

production and quality
control

Fragmented collaboration
networks and absence of

dominant standard-setting
institutions indicate limited

harmonisation.

High variability in reported RHA
properties due to inconsistent

combustion temperature, fineness,
and silica content.

G2 Limited large-scale and
long-term field validation

Publication output dominated by
laboratory-scale studies with

minimal practice-oriented
research.

Majority of studies focus on
short-term mechanical and

durability tests with limited field
performance data.

G3
Underrepresentation of RHA

in emerging construction
technologies

Low frequency of keywords
related to 3D printing,

alkali-activated binders, and
additive manufacturing.

Only a small number of studies
explore RHA in geopolymers and
digital construction applications.

G4
Weak integration of
experimental and

computational modelling

ML/DL-related publications
appear mainly after 2021 and
remain peripheral in thematic

clustering.

Computational models often rely
on isolated datasets with limited

experimental or life-cycle coupling.

G5 Insufficient life-cycle and
techno-economic assessment

Sustainability- and LCA-related
keywords appear less frequently

than strength and durability
metrics.

Economic feasibility and regional
cost analyses are inconsistently

reported across studies.

G6
Limited international
standardisation and
technology transfer

Strong regional research clusters
with weak intercontinental

collaboration links.

Literature highlights barriers to
industrial adoption due to lack of

global specifications and
guidelines.

As shown in Figure 10, these issues could be effectively resolved through large-scale
field validation, standardisation, comprehensive sustainability assessment, and digital
innovation—steps that would be fundamental to the transition of RHA from laboratory
research to mainstream industrial practice. Achieving these aims would strengthen RHA’s
role in sustainable construction and accelerate the transition toward circular and carbon-
neutral building practices worldwide. Section 8 proposes an integrated framework in-
tended to operationalise this transition.

https://doi.org/10.3390/jcs10080381

https://doi.org/10.3390/jcs10080381


J. Compos. Sci. 2026, 10, 381 31 of 38

Figure 10. Research gaps and future directions for RHAC research.

8. Proposed Framework
The research gaps identified in Section 7 point not only to missing knowledge but also

to a missing structure for connecting RHA’s technical, environmental, and computational
dimensions into a single research and adoption agenda. Rather than concluding with a
generic call for “further research”, this section proposes an integrated framework, illus-
trated in Figure 11, that synthesises the structural insights of the bibliometric analysis with
the technical and methodological insights of the systematic review into a five-tier research
agenda and adoption pathway. The framework is intended to function simultaneously as a
conceptual model of how RHA research has evolved, an adoption framework for industry
stakeholders, and a research agenda for closing the gaps summarised in Table 11.

Figure 11. Proposed integrated framework for data-driven, sustainable RHA utilisation in concrete.

Table 12 makes the basis for this structure explicit, tracing each tier back to specific
bibliometric evidence (Section 4), the SLR themes summarised in Table 5, and the research
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gap(s) it is intended to close (Table 11). This traceability is the framework’s main jus-
tification: rather than an arbitrary five-stage model, each tier is anchored to a distinct,
identifiable body of evidence, and the “evidentiary status” column makes clear which
components are already well supported and which remain comparatively aspirational.

Table 12. Traceability of proposed framework tiers to bibliometric evidence, SLR themes, and
research gaps.

Tier Bibliometric Evidence (Section 4) SLR Theme(s) (Table 5) Gap(s) Addressed
(Table 11)

Evidentiary
Status

1. Material
Foundation

Foundational, highly cited studies
on combustion temperature and

fineness (Section 4.4; Table 2)
New methodologies G1 Established

2. Performance
Validation

Top-cited publications on strength,
permeability and durability

(Table 8); citation network centred
on performance themes (Figure 6)

Emerging technologies
(ultrafine RHA,

comparative SCM
performance)

G2 Established

3. Computational
Intelligence

Citation surge in ML-related
literature after 2021 (Figure 6;

Section 4.4)
AI/ML applications G4

Emerging (ML);
aspirational

(digital twins) *

4. Sustainability
Integration

Sustainability/LCA keywords
underrepresented relative to

strength and durability metrics
(Section 4.1)

Sustainability issues G5 Emerging

5. Industrial &
Policy Adoption

Fragmented international
collaboration with weak

intercontinental links (Section 4.3;
Supplementary Figure S6)

Policy developments;
Industry adoption G3, G6 Aspirational

* As noted in Section 5.6, no RHA-specific digital twin application was identified in the screened literature; this
component of Tier 3 is presented as a proposed future capability rather than a documented trend, and should not
be read as evidence of current adoption.

Tier 1, Material Foundation, addresses the standardisation gap (G1) by consolidating
existing evidence on combustion temperature, fineness, and pre-treatment (Section 5.3) into
internationally recognised production and quality-certification protocols. Tier 2, Perfor-
mance Validation, responds to the large-scale and field-validation gap (G2) by extending
the well-established 10–30% replacement evidence base (Section 4.4; Table 2) through
multi-regional pilot schemes and long-term durability monitoring. Tier 3, Computational
Intelligence, builds directly on the machine learning and data-driven modelling devel-
opments reviewed in Section 5.5—which are already evidenced by multiple post-2021
studies—and targets the weak experimental–computational integration gap (G4) through
open-access datasets; digital twin-enabled monitoring is also nested within this tier as a
forward-looking capability, but, as Table 12 indicates, it remains aspirational rather than
evidenced (Section 5.6). Tier 4, Sustainability Integration, addresses the techno-economic
and life-cycle assessment gap (G5) by extending the LCA and circular-economy evidence
reviewed in Section 5.4 to a wider range of geographic and industrial contexts. Tier 5,
Industrial and Policy Adoption, responds to the standardisation and technology-transfer
gap (G6), and to the comparatively static policy landscape identified in Table 5, by link-
ing the regional valorisation policies discussed in Section 4.3 to global specifications and
cross-regional technology transfer.

The dashed feedback loop in Figure 11 reflects that this is not a one-directional pipeline:
performance data generated in Tier 2 should continuously inform the production standards
of Tier 1, just as Tier 5 adoption experience should feed back into the certification and stan-
dardisation work of Tier 1, mirroring the iterative, practice-informed model of technology
diffusion described by innovation diffusion theory (Section 2). As Table 12 summarises,
Tiers 1 and 2 are already substantially evidenced by the existing literature (the Past and
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Present strands of Section 6.1); Tier 3 is unevenly evidenced, with machine learning well
supported but digital twins aspirational; Tier 4 is emerging, with a growing but still com-
paratively thin evidence base; and Tier 5 remains the most aspirational, representing the
clearest priority for the next generation of RHA research and the most direct route from
laboratory-scale innovation to industrial-scale, low-carbon construction practice.

9. Conclusions
This study provides a comprehensive and integrated assessment of research on rice

husk ash (RHA) in concrete through the combined application of a bibliometric analy-
sis (2007–2021) and a systematic literature review of recent developments (2022–2026).
The findings demonstrate that RHA has evolved from a conventional supplementary ce-
mentitious material into a strategically important component of sustainable, low-carbon
construction systems. The bibliometric analysis reveals a clear progression in research
activity, expanding global collaboration, and the emergence of new thematic areas related
to sustainability, modelling, and digital technologies. Interpreted alongside the system-
atic review findings through the integrated Past–Present–Future narrative developed in
Section 6, these trends confirm a structured evolution of the field from early experimental
validation to microstructural optimisation and, more recently, toward data-driven and
computational approaches, indicating a broader transition from material-level investigation
to system-level innovation.

The systematic review further establishes that RHA significantly enhances the me-
chanical and durability performance of concrete through improved pozzolanic reactivity,
microstructural densification, and pore refinement, while its capacity to reduce clinker
content and associated CO2 emissions positions it as a key enabler of circular-economy
strategies. Recent studies reinforce this role by demonstrating the integration of RHA into
hybrid material systems and life-cycle-based optimisation frameworks. A central contribu-
tion of this study is the identification of a paradigm shift toward intelligent, data-driven
material systems: the growing adoption of machine learning and digital technologies in
RHA research marks a transition from traditional experimental approaches toward pre-
dictive modelling and optimisation, enabling more efficient material design, improved
performance prediction, and enhanced scalability.

Despite these advances, critical challenges remain, including the lack of standardised
production methods, limited large-scale and long-term field validation, and fragmentation
of the datasets used in machine learning models; the integration of RHA into emerging
technologies such as 3D printing, digital twins, and smart infrastructure systems likewise re-
mains underexplored (Section 7). To address these challenges directly, this study proposes a
five-tier integrated framework (Section 8) that links material standardisation, performance
validation, computational intelligence, sustainability integration, and industrial-policy
adoption into a single, iterative research and adoption agenda. Overall, the integration of
BA and SLR demonstrates the effectiveness of a hybrid analytical approach in capturing
both the structural evolution and the scientific advancement of RHA research; by linking
quantitative research trends with qualitative scientific insight and a forward-looking frame-
work, this study offers a methodological template that may be applied to the study of other
emerging materials in sustainable construction research.

For industry practitioners, the practical implications of this study are direct. Spec-
ifiers and ready-mix producers in rice-producing regions can expect the most reliable
performance gains from RHA in the 5–15% replacement range (Table 3; Section 5.1), where
pozzolanic reactivity, ITZ densification, and workability are best balanced; replacement be-
yond approximately 20% should be approached cautiously pending further standardisation.
Table 10 provides a direct, quantitative basis for comparing RHA with fly ash, silica fume,
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GGBFS, and metakaolin when selecting an SCM for a given project, rather than requiring
practitioners to assemble such a comparison from the primary literature themselves. The
standardisation gap identified in Section 5.8 is the single most consequential barrier to
commercial-scale adoption identified in this study: until RHA receives explicit treatment
under ASTM C618 or an equivalent national or regional standard, or until provisional
designations such as those proposed for EN 197-1 [89] are formally adopted, large-scale,
standards-governed use will remain the exception rather than the rule, regardless of fur-
ther laboratory-scale performance evidence. Policymakers and standards bodies in major
rice-producing countries are therefore positioned to unlock industrial-scale adoption more
directly than further materials science research alone, by prioritising RHA-specific standard-
isation (Tier 1 of the framework in Section 8) ahead of, or in parallel with, the computational
and sustainability-integration work that has dominated the recent literature (Section 4.5).

Looking forward, future research should prioritise the development of standardised,
shared datasets, large-scale field validation studies, and the deeper integration of digital
technologies into RHA-based systems, guided by the framework proposed in Section 8. In
particular, the combination of artificial intelligence, life-cycle assessment, and advanced
manufacturing techniques presents significant opportunities to advance RHA as a scalable,
sustainable, and intelligent construction material, supporting the broader transition toward
low-carbon, resilient, and digitally enabled construction systems.
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