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ABSTRACT

This systematic review evaluates volcanic ash as a supplementary cementitious material in mortars and
concretes, emphasizing its applicability to the Ecuadorian context. Indexed studies were analyzed
through a bibliometric strategy and a technical synthesis of mechanical performance, durability, and
pozzolanic mechanisms. Results show favorable replacement ranges of 10-25%, associated with pore
refinement and C-S-H/C-A-S-H formation. However, wider implementation is limited by chemical
variability, fineness, Ca(OH): availability, and the need for local characterization. The originality of
this review lies in discussing these technical limits in relation to clinker factor reduction. It is concluded
that its application requires technical, normative, logistical, and industrial validation.
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factor.

Cite as: Fernandez-Sanchez, L. J., Fernandez-Delgado, L. M., Ferndndez-Sanchez, D. E., Quintana-
Vésconez, R. S., Diaz-Cardenas, Y., Castro-Angulo, S. G. (2026), “Systematic review on the use of
volcanic ash as a supplementary cementing material: mechanical and durability properties for
applications in Ecuador.” ALCONPAT Journal, Volume (Issue), pp. 372 — 410, DOI:
https://doi.org/10.21041/ra.v16i3.1010

! Pontifical Catholic University of Ecuador, Ambato Campus, Ambato, Ecuador.

2 Indoamérica Technological University, Ambato, Ecuador.

3 Independent researcher, Ambato, Ecuador.

4 Marta Abreu Central University of Las Villas, Villa Clara, Cuba.

5 Autonomous University of Nuevo Leon, Faculty of Civil Engineering (FIC-UANL), Av. Universidad S/N, Ciudad
Universitaria, San Nicolas de los Garza, Nuevo Leon 66455, Mexico.

Contribution of each autor

In this study, author L.J. Fernandez-Sénchez led and contributed to the search, selection, extraction, and organization of scientific
literature (50%), the synthesis of information and final integration of the results (60%), and the drafting and critical review of the content
and manuscript (70%); author R.S. Quintana-Vasconez contributed to the search, selection, extraction, and organization of the literature
(35%) and to the thematic analysis and interpretation of the included studies (60%); Author D.E. Fernandez-Sanchez contributed to the
search, selection, extraction, and organization of the literature (15%) and to the definition, verification, and validation of methodological
consistency (35%); Author L.M. Fernandez-Delgado contributed to the definition of the methodological criteria (35%) and to the drafting
and critical review of the content and manuscript (15%); Author Y. Diaz-Cardenas contributed to the thematic analysis and interpretation
of the included studies (40%); and S.G. Castro-Angulo contributed to the methodological validation (30%), the drafting and critical
review of the content and manuscript (15%), and the synthesis of the information and final integration of the results (40%).

Creative Commons License

Copyright 2026 by the authors. This work is an Open-Access article published under the terms and conditions of an International Creative
Commons Attribution 4.0 International License (CC BY 4.0).

Revista ALCONPAT, Volume 16, Issue 3 (September — December 2026): 372 —410| 372

© 2026 ALCONPAT Internacional


mailto:ljfernandez@pucesa.edu.ec
https://doi.org/10.21041/ra.v16i3.1010
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.es
https://orcid.org/0009-0001-2059-9730
https://orcid.org/0000-0001-6354-4046
https://orcid.org/0009-0000-0272-8917
https://orcid.org/0009-0006-6285-3254
https://orcid.org/0000-0003-1899-1028
https://orcid.org/0009-0005-3161-4421
https://doi.org/10.21041/ra.v16i3.1010

Revista ALCONPAT, 16 (3), 2026: 372 — 410

Revision sistematica sobre el uso de ceniza volcanica como material
cementante suplementario: propiedades mecanicas y de durabilidad para
aplicaciones en Ecuador.

RESUMEN

Esta revision sistematica evalua el uso de ceniza volcanica como material cementante suplementario
en morteros y concretos, con €nfasis en su aplicabilidad al contexto ecuatoriano. Se analizaron estudios
indexados mediante una estrategia bibliométrica y una sintesis técnica de desempeflo mecanico,
durabilidad y mecanismos puzolanicos. Los resultados muestran rangos favorables de sustitucion
entre 10-25%, asociados al refinamiento poral y a la formacion de C-S-H/C-A-S-H. No obstante, su
ampliacion estd limitada por la variabilidad quimica, la finura, la disponibilidad de Ca(OH). y la
caracterizacion local. La originalidad radica en discutir estos limites frente a la reduccion del factor
clinker. Se concluye que su aplicacion requiere validacion técnica, normativa, logistica e industrial.
Palabras clave: ceniza volcanica; material cementante suplementario; durabilidad; reaccién
puzolanica; factor clinker.

Revisao sistematica sobre o uso de cinzas vulcanicas como material cimenticio
suplementar: propriedades mecanicas e de durabilidade para aplicacoes no
Equador.

RESUMO

Esta revisdo sistematica avalia o uso de cinza vulcanica como material cimenticio suplementar em
argamassas e concretos, com énfase em sua aplicabilidade ao contexto equatoriano. Estudos
indexados foram analisados por meio de uma estratégia bibliométrica e de uma sintese técnica
sobre desempenho mecénico, durabilidade e mecanismos pozolanicos. Os resultados indicam
faixas favoraveis de substituicao entre 10-25%, associadas ao refinamento dos poros e a formacgao
de C-S-H/C-A-S-H. Contudo, sua ampliagdo ¢ limitada pela variabilidade quimica, finura,
disponibilidade de Ca(OH): e caracterizacao local. A originalidade estd em discutir esses limites
frente a reducdo do fator clinquer. Conclui-se que sua aplicacdo requer validacdo técnica,
normativa, logistica e industrial.

Palavras-chave: cinza vulcdnica; material cimenticio suplementar; durabilidade; reacdo
pozolanica; fator clinquer.
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1. LIST OF ABBREVIATIONS

Acronym Meaning
C-S-H | Calcium Silicate Hydrate
C-A-S-H |Calcium Aluminum Silicate Hydrate
Ca(OH): |Calcium Hydroxide
CO2 Carbon Dioxide
SCM Supplementary cementitious materials
GWPI100 |Global Warming Potential
TAP100 |Terrestrial acidification potential

FEP Freshwater eutrophication potential

MEP Marine eutrophication potential
ODPinr | Ozone Depletion Potential
POFP | Potential for the formation of photochemical oxidants
PMFP | Particulate Matter Formation Potential
FDP Fossil Fuel Depletion Potential
EC Ecuador
GLO Global
CvV Volcanic Ash
Si0O2 Silicon Dioxide
ALOs | Aluminum Oxide
Fe20s Iron(IIT) Oxide
CaO Calcium Oxide

PRISMA | Preferred reference items for systematic reviews and meta-analyses

MgO Magnesium Oxide
K20 Potassium Oxide

Na2O Sodium Oxide
SO:s Sulfur Oxide

Dso Average particle size
BET Brunauer-Emmett-Teller
1TZ Interfacial transition zone

AFm Aluminate ferrite monosulfate
XRF X-ray fluorescence

LOI Loss on Ignition
LCA Life Cycle Assessment

2. INTRODUCTION

The cement industry is one of the most carbon-intensive industrial sectors, primarily due to the
production of Portland clinker. Globally, cement manufacturing accounts for approximately 7% to
8% of anthropogenic CO: emissions, while the direct emissions intensity of cement has remained
close to 0.6 t r CO: per metric ton of cement produced in recent years (Garces-Vargas et al., 2024;
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Rovnanik et al., 2007; N. Singh et al., 2023). This is due to the dual contribution of limestone
calcination and kiln energy consumption, making the reduction of the clinker factor a priority
strategy for decreasing the environmental footprint of concrete. In this context, the use of
supplementary cementitious materials (SCMs) allows for the partial replacement of Portland
cement, reduces clinker content, and enables the utilization of mineral resources or byproducts with
a lower environmental impact (Ferndndez-Jiménez et al., 2023; A. Rajesh et al., 2023; Sharma et
al., 2021). Volcanic ash, due to its natural origin, potential availability in volcanic regions, and
pozzolanic behavior, constitutes a relevant alternative for sustainable cementitious systems,
especially in the Andean context, where Ecuador offers favorable geological conditions for the
study of natural pozzolans of volcanic origin (Cascone et al., 2025; M. U. Hossain et al., 2021;
Pinto-Almeida et al., 2025; Sokotowska, 2025).

Traditionally, the reduction of the clinker factor has relied on the use of SCMs such as industrial
byproducts and natural pozzolans, including fly ash, granulated blast furnace slag, silica fume, and
natural pozzolans. However, the future availability of these materials is limited both by supply
constraints and by structural changes associated with the energy transition, particularly the decline
in coal use for electricity generation and the progressive decarbonization of the metallurgical
sectors. This situation underscores the need to identify alternative sources of SCMs that do not rely
exclusively on carbon-intensive industrial chains. In this regard, natural pozzolans and volcanic
ash take on strategic importance, as they can help reduce clinker content without relying on the
future availability of fly ash or slag.

In the case of Ecuador, clinker production accounts for the largest environmental impact within the
evaluated cement system, exceeding 90% in several impact categories reported for the analyzed
functional unit, as shown in Figure 1. This impact is particularly significant for GWP100, PMFP,
and POFP due to calcination and kiln combustion. Petroleum coke production (GLO) is primarily
responsible for fossil fuel depletion (FDP) and contributes to terrestrial acidification (TAP100).
Electricity supply and the extraction of natural resources have an impact on freshwater
eutrophication (FEP) and marine eutrophication (MEP). To reduce the most significant impacts of
the cement manufacturing process, the following priority measures are proposed: optimizing
energy consumption, incorporating alternative fuels, advancing the decarbonization of the
electricity grid, and reducing the clinker factor through SCMs (especially volcanic ash).

From a physicochemical perspective, the efficiency of SCMs depends on their chemical and
mineralogical composition, amorphous fraction, fineness, specific surface area, and ability to react
with the portlandite Ca(OH): generated during the hydration of Portland cement. In cement systems
containing volcanic ash, the reactive silico-aluminate phases do not act in isolation but interact with
the calcium available in the matrix. This pozzolanic reaction can promote the secondary formation
of C-S-H and C-A-S-H gels, which have a cementitious function similar to the main hydration
products of Portland cement, contributing to the refinement of the porous network, the reduction
of capillary connectivity, and the improvement of mechanical and chemical performance against
the ingress of aggressive agents. However, at high substitution levels, the reduced amount of
clinker limits the generation of Ca(OH)., which can restrict the pozzolanic reaction and leave
fractions of ash unreacted (Fernandes et al., 2025; Jativa et al., 2025; Kupwade-Patil, De Wollf, et
al., 2018; Shahjalal et al., 2025; S. Singh et al., 2026; Tomoyose et al., 2020).
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Figurel . Relative contribution of production processes to environmental impact categories per
metric ton of clinker (functional unit). GWP100: global warming potential; TAP100: terrestrial
acidification potential; FEP: freshwater eutrophication potential; MEP: marine eutrophication
potential; ODPinf: ozone depletion potential, POFP: photochemical oxidant formation potential;
PMFP: particulate matter formation potential; FDP: fossil fuel depletion potential; EC: Ecuador;
GLO: global. Source: adapted from (Petroche & Ramirez, 2022).

Ecuador is located in the Pacific Ring of Fire and is part of an Andean region characterized by
recurring volcanic activity, ash emissions, and the presence of pyroclastic deposits. This geological
condition suggests the existence of potential sources of volcanic materials of interest for
cementitious applications; however, their use as SCMs cannot be assumed solely based on their
volcanic origin. Technical feasibility depends on the chemical composition, mineralogy,
amorphous fraction, fineness, pozzolanic reactivity, material accessibility, continuity of supply,
and compatibility with local cements and aggregates (Pinos-Velez et al., 2024; Toulkeridis & Zach,
2017).

In the Ecuadorian context, the use of volcanic ash as an SCM faces limitations that go beyond
geological availability. These include the need for specialized laboratories for physical-chemical
and mineralogical characterization, the costs associated with drying, grinding, and classifying the
material, the spatial and temporal variability of the ash, restrictions on access to certain areas due
to geographic or environmental conditions, and the distance between potential sources and cement
or concrete plants. Furthermore, the potential location of deposits in protected areas or areas that
are difficult to access may limit their extraction and industrial use. Therefore, the application of
volcanic ash in Ecuador requires an integrated assessment of technical performance, environmental
impact, processing costs, logistics, and regulatory compliance (Cavalieri et al., 2024; Mohamad et
al., 2020).

Although there is a growing body of research on the use of volcanic ash in construction materials,
there is still no clear consensus on the optimal substitution ranges or on its effect on mechanical
and durability properties. The evidence is scattered due to the chemical and physical variability of
VA depending on its origin, which makes it difficult to establish sound technical recommendations
for safe and efficient industrial-scale application; this variability manifests itself in significant
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differences in the content of SiO2, Al.Os, Fe20s, Ca0, alkalis, amorphous phase, crystalline phases,
particle size, and specific surface area. These parameters influence the pozzolanic reaction rate,
water demand, the filler effect, the availability of calcium for the formation of C-S-H/C-A-S-H,
and, consequently, mechanical performance and resistance to chemical attack. (Gil-Martin et al.,
2025; Shahjalal et al., 2025; Sokotowska, 2025). Therefore, it is necessary to consolidate the
findings to establish a knowledge base that facilitates their adoption in building codes and
construction practices, especially in a context such as Ecuador’s.

Within this framework, the objective of this systematic review is to critically evaluate the use of
volcanic ash as a supplementary cementitious material in mortars and concretes, considering: (i)
its effect on compressive and flexural strength; (i1) its influence on durability, particularly on
permeability, chloride transport, sulfate attack, and carbonation; (iii) the pozzolanic and
microstructural mechanisms that explain its performance; and (iv) the technical limits of
replacement ranges in relation to clinker reduction and its potential application in Ecuador. Unlike
reviews focused solely on substitution percentages or mechanical properties, this study integrates
a bibliometric analysis of the scientific literature, a technical synthesis of mechanical and durability
properties, the physicochemical characterization of volcanic ash, and a critical discussion of the
conditions necessary for its utilization in the Ecuadorian context.

3. PROCEDURE

3.1 Description of the methodological approach, search strategy, and selection

This study was conducted as a systematic literature review with complementary bibliometric
analysis, aimed at synthesizing scientific evidence on the use of volcanic ash as a supplementary
cementitious material in mortars and concrete. The methodological procedure was organized into
five stages: definition of research questions, literature search, application of inclusion and
exclusion criteria, extraction of technical data, and bibliometric-thematic analysis.

The review was not designed as a statistical meta-analysis due to the heterogeneity of the included
studies regarding the origin of the volcanic ash, chemical composition, fineness, substitution
percentage, water-to-cement ratio, curing age, type of mixture, and experimental method—all of
which are relevant data points that allow for critical analysis. Therefore, the synthesis was
conducted in a narrative and comparative manner, identifying trends, performance ranges, reported
mechanisms, and technical limitations for its application in the Ecuadorian context.

Only articles indexed in Scopus were considered, due to its prestige, editorial rigor, and broad
coverage of construction materials, civil engineering, and sustainability. The process was organized
into three phases—search, filtering, and final selection—guided by three specific research
questions.

1. How does the volcanic ash content influence the compressive and flexural strength of
mortars and concretes?

2. What effect does volcanic ash have on the durability of mortars and concretes against
sulfates and on their permeability?

3. What are the optimal ranges of volcanic ash content for sustainable and efficient use?
These questions helped define the search descriptors and Boolean or logical operators used in
Scopus, combining terms such as “volcanic ash,” “supplementary cementitious materials,”
“compressive strength,” “flexural strength,” “durability,” “sulfate resistance,” and “permeability.”
Filters were applied to restrict the results to peer-reviewed articles published between 2011 and
2025, in English or Spanish, within the subject areas of engineering, materials science, and
environmental science.
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3.2 Information Source and Search Strategy

The literature search was conducted in the Scopus database, selected for its coverage of civil
engineering, materials science, concrete technology, sustainability, and cementitious materials.
The search was aimed at identifying scientific articles and reviews related to volcanic ash, natural
pozzolans, and supplementary cementitious materials used in mortars and concrete.

The search string used was: TITLE-ABS-KEY (("volcanic ash" OR "natural pozzolan" OR "natural
pozzolans" OR "volcanic pozzolan" OR "volcanic pozzolans") AND ("supplementary cementitious
material" OR "supplementary cementitious materials" OR SCM OR pozzolan) AND (concrete OR
mortar) AND (strength OR durability OR permeability OR "sulfate resistance" OR "pozzolanic
activity" OR "pozzolanic reactivity" OR microstructure OR "chemical composition" OR XRD OR
XRF OR SEM OR "particle size" OR fineness OR "specific surface area")) AND (DOCTYPE(ar)
OR DOCTYPE(re)) AND PUBYEAR > 2010

This decision allowed for the maintenance of a consistent and traceable document base for the
bibliometric analysis; however, it is acknowledged that the use of a single database may limit the
comprehensiveness of the review and introduce coverage bias. Therefore, the absence of
complementary databases such as Web of Science is stated as a methodological limitation of the
study and should be considered in future expanded reviews.

3.3 Inclusion and Exclusion Criteria

The identified records were evaluated at two levels. The first level corresponded to the bibliometric
analysis, in which all documents retrieved through the search string and filters applied in Scopus
were considered. The second level corresponded to the technical synthesis, for which only studies
providing verifiable information on mortar or concrete mixtures with volcanic ash as a SCM were
selected.

Studies that met the following criteria were included:

e Evaluate mortars, pastes, or concretes containing volcanic ash, volcanic pozzolan, volcanic
slag, or natural volcanic material used as SCM.

e Report the substitution percentage, dosage, or incorporation ratio of the volcanic material.

e Present at least one mechanical, durability, microstructural, or physicochemical property.

¢ Include information on compressive strength, flexural strength, permeability, sulfate attack,
transport of aggressive agents, pozzolanic activity, chemical composition, mineralogy,
fineness, or particle size.

e Be scientific articles or indexed reviews published within the defined search period.

e Include studies on pastes, mortars, or concretes based on Portland cement or comparable
cementitious systems, in which volcanic ash, volcanic pozzolan, or natural volcanic
material is used as a cementitious material (SCM).

Documents were excluded if:

e Studies in which volcanic ash was part of multicomponent mixtures but did not report
results that allowed for distinguishing its individual effect or specific contribution within
the cementitious system.

e Did not report comparable technical data on composition, dosage, performance, or
characterization.

e Were non-peer-reviewed documents, abstracts, editorials, technical notes, or
communications lacking experimental data.

e (Contained duplicate documents or insufficient information for data extraction.
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3.4 Study Screening and Selection Process

The initial search identified 422 records in Scopus. These documents formed the basis for the
general bibliometric analysis, including the temporal evolution of publications, subject areas,
sources, countries, and keywords. However, not all records were used for technical data extraction,
as several documents pertained to general studies on natural pozzolans, supplementary
cementitious materials, or applications not directly comparable to mortars and concretes containing
volcanic ash.

Subsequently, the records underwent a screening process based on title, abstract, and keywords. At
this stage, 262 documents were excluded because they did not directly address the use of volcanic
ash as a supplementary cementitious material in cementitious systems, because they dealt with
applications unrelated to mortars or concretes, or because they did not provide technical
information relevant to the objectives of the review. Next, 160 documents were evaluated in full
text, and 50 documents were excluded for failing to report sufficient data on dosage, mechanical
performance, durability, physicochemical characterization, or pozzolanic mechanisms. Finally,
110 studies were included in the technical synthesis of results.

To improve the traceability of the process, a flowchart (Figure 2) of the study selection process and
a supplementary table listing the documents included in the technical synthesis were incorporated,
indicating the author, year, type of volcanic material, substitution percentage, type of cementitious
matrix, evaluated properties, and main findings.

The process of identification, screening, full-text evaluation, and inclusion is summarized in Figure
2. Of the 422 records identified, 110 studies met the criteria established for the technical synthesis.

1. IDENTIFICATION
422 records
Y
2. SCREENING
422
A Study phases = TOPIC
(Title and abstract review) i EXCLUSION
262
Study phases
(Full-text review)
Y
3. ELIGIBILITY > TOPIC
160 EXCLUSION
262
»| TECHNICAL EXCLUSION
50
Y

4, INCLUSION
110

Figure 2. Flowchart of the study search, screening, and inclusion process.
Source: author’s own work.
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The 422 records retrieved from Scopus were used for the bibliometric analysis. The technical
synthesis was conducted exclusively on the 110 studies that met the inclusion criteria and provided
verifiable information on dosage, mechanical performance, durability, physicochemical
characterization, or pozzolanic mechanisms of volcanic ash as a supplementary cementitious
material.

3.5 Data extraction and synthesis.

Data extraction was performed exclusively on the 110 studies included in the technical synthesis.
For each study, bibliographic, methodological, and technological variables were recorded.
Bibliographic variables included author, year, and publication source. Methodological variables
considered the type of cementitious matrix, substitution percentage, water-to-cement ratio, test age,
and curing conditions. Technological variables included compressive and flexural strength,
permeability, sulfate resistance, chloride transport, chemical composition, mineralogy, fineness,
particle size, specific surface area, pozzolanic activity, and reported hydration products.

The synthesis was conducted through narrative comparison and thematic analysis, grouping the
findings into four categories: mechanical performance, durability, physicochemical mechanisms,
and feasibility of application (Figure 3). Due to the heterogeneity of materials, experimental
designs, and test conditions, a quantitative meta-analysis was not performed.

The general sequence of the search, bibliometric processing, variable selection, and presentation
of results is illustrated in Figure 3.

("TITLE-ABS-KEY" OR Scopus
—> : —> Year > Sources
"natural pozzolan" OR Analysis
Tool
"volcanic pozzolan™)
AND ("TITLE-ABS-KEY™"
OR | : i
posiary Ls  VOSviewer > Thematic —>  Documents

AND ("TITLE-ABS-KEY" Software Area

OR concrete OR mortar)
AND ("TITLE-ABS-KEY" Geographical
OR strength OR —>  Distribution of
durability OR Scientific Output
permeability OR
sulfate resistance™)
>2010

—>  Keywords

Figure 3. Search methodology
Source: Author’s own work.

3.6 Bibliometric Analysis and Technical Analysis

The bibliometric analysis and technical synthesis were conducted as separate components. The
bibliometric analysis was applied to the complete set of records retrieved from Scopus, with the
aim of identifying publication trends, subject areas, primary sources, geographic distribution,
scientific collaboration, and keyword co-occurrence. VOSviewer and Scopus export tools were
used for this analysis.
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The technical synthesis, on the other hand, was limited to studies that met the inclusion criteria for
data extraction regarding mechanical performance, durability, physicochemical characterization,
and pozzolanic mechanisms. Therefore, the initial 422 records should not be interpreted as the
number of studies included in the technical discussion, but rather as the documentary basis for the
bibliometric analysis.

3.7 Methodological limitations.

The exclusive use of Scopus constitutes a limitation of the study, as it may restrict the scope of the
literature compared to reviews that incorporate complementary databases such as Web of Science.
This decision was made to maintain bibliometric homogeneity and traceability in the analyzed
metadata; however, the results should be interpreted with this potential coverage bias in mind.
Furthermore, the study was not registered under a PRISMA protocol nor was it designed as a meta-
analysis, due to the heterogeneity of the available studies regarding ash origin, chemical
composition, fineness, cementitious matrices, curing conditions, test ages, and evaluation methods.
For this reason, a systematic review with bibliometric analysis and narrative synthesis was chosen,
aimed at identifying trends, mechanisms, and technical limitations rather than estimating a
statistical effect size.

Since the objective of the article includes discussing the applicability of volcanic ash in Ecuador,
a complementary contextual search was conducted to identify literature and documents related to
volcanic activity, ash deposits, natural pozzolans, and volcanic materials in the Ecuadorian context.
This search was not used to construct the overall bibliometric analysis but rather to support the
applied discussion on opportunities, constraints, and the need for local validation (Figure 4).
Thus, the technical review was based on international evidence regarding the performance of
volcanic ash as SCM, while the Ecuadorian perspective was incorporated as a focal point for
contextual discussion and technology transfer.

Figure 4 distinguishes between the two components of the study: the bibliometric analysis applied
to the 422 records retrieved from Scopus and the technical synthesis developed using the 110
studies ultimately included.
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Figure 4. Distinction between bibliometric analysis and technical synthesis
Source: author’s own work.
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4. RESULTS

The results are presented on two complementary levels. First, the bibliometric analysis of the
records retrieved from Scopus is presented, with the aim of characterizing the temporal evolution,
subject areas, publication sources, geographic distribution, and keywords associated with the study
of volcanic ash and natural pozzolans as supplementary cementitious materials. Second, a technical
synthesis of the studies selected for data extraction is presented, focusing on mechanical
performance, durability, pozzolanic mechanisms, physicochemical characterization, and feasibility
of application. Therefore, the bibliometric records should not be interpreted as equivalent to the
number of studies included in the technical discussion.

4.1 Bibliometric analysis of the scientific output identified in Scopus.

4.1.1 Quantitative analisis.

The number of documents per year related to the use of volcanic ash and natural pozzolans as
supplementary cementitious materials is presented in Figure 5. The general trend shows a sustained
increase in scientific interest between 2011 and 2025, with more pronounced growth beginning in
2015. This trend coincides with the intensification of research on clinker factor reduction, the
valorization of natural mineral resources, and the development of cementitious materials with a
lower environmental impact.

Figure 5 shows a first significant increase in 2018, followed by more pronounced growth until
reaching a peak in publications in 2022. Although a slight decline is observed in 2023 and 2024,
the rebound in 2025 indicates that the topic remains scientifically relevant. This trend confirms that
volcanic ash is not a marginal area of research but rather an emerging field within SCM research.
However, the quantitative increase in publications does not necessarily imply technological
maturity, as industrial application continues to be constrained by the material’s physicochemical
variability, the standardization of testing, and regulatory validation.

The temporal evolution of scientific output is presented in Figure 5, which shows sustained growth
since 2015 and the highest number of publications in recent years.
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Figure 5. Annual trend in publications on volcanic ash and natural pozzolans as SCMs.
Source: Author’s own compilation based on data exported from Scopus.
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Figure 6 shows that most of the scientific output is concentrated in the fields of Materials
Engineering and Materials Science, highlighting the field’s predominantly technical orientation.
This distribution is consistent with the objective of this review, which focuses on the mechanical
performance, durability, microstructure, and feasibility of using volcanic ash in cementitious
matrices. The presence of complementary fields, such as Environmental Sciences, Chemical
Engineering, and Earth Sciences, confirms the interdisciplinary nature of the topic, particularly
given its relationship to sustainability, mineralogical characterization, reduction of environmental
impacts, and the valorization of natural resources.

As shown in Figure 6, scientific output is concentrated primarily in Materials Engineering and
Science, followed by Environmental Sciences, Physics and Astronomy, and Earth Sciences.

Number of publications
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Figure 6. Number of publications by subject area
Source: Author’s own analysis based on data exported from Scopus.

4.1.2 Publication sources.
The data were processed using VOSviewer software, selecting the “bibliographic coupling” option

as the type of analysis. The unit of analysis was defined as “sources,” and a minimum of 2

documents was established for a journal to be included in the analysis. The main journals

accounting for the majority of the analyzed scientific output are presented in Figure 7.

*Construction and Building Materials* has the highest number of documents, followed by
*Materials* and other sources specializing in cementitious materials and sustainable construction.

The graph includes only those sources with four or more publications. Therefore, 201 additional
articles, which belong to journals with lower publication frequencies, are not shown in the graph
(Figure 8).

This indicates a significant concentration in a few specialized journals as well as considerable
dispersion among many sources with a small number of contributions. The structure of the
relationships among the sources is depicted in Figure 8, obtained through a bibliographic coupling
analysis in VOSviewer. The size of each node represents the journal’s output, and the links express

the strength of the bibliographic relationships between sources.
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Figure 7. Major publication sources on volcanic ash and natural pozzolans as SCMs.
Source: Author’s own work based on data exported from Scopus.
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Figure 8. Bibliographic citation network among publication sources.
Source: Created by the author using VOSviewer, based on records retrieved from Scopus.
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The network highlights the formation of thematic clusters associated with cementitious materials,
civil engineering, and sustainability. Some journals with fewer articles exert significant influence
within the network, indicating that bibliometric relevance depends not only on the volume of
publications but also on their connections and the impact of the published articles.

4.1.3 Geographic distribution of scientific output.

The analysis by country reveals a significant geographic concentration of scientific output on
volcanic ash and natural pozzolans as SCMs. As shown in Figure 9, Saudi Arabia, Iran, and Turkey
rank among the countries with the highest number of publications, followed by China, Spain,
Greece, and Egypt. This distribution reflects the existence of established research groups in regions
with a long tradition of studying natural pozzolans, alternative cementitious materials, and concrete
durability.

It is important to note that Figure 9 represents scientific output by affiliation or country of
publication, not the geological availability of the resource. Therefore, Ecuador’s low presence in
bibliometric output should not be interpreted as an absence of volcanic ash, but rather as a gap in
applied research. This distinction is relevant because the potential for using volcanic ash as an SCM
depends not only on its territorial presence but also on its chemical composition, amorphous phase,
fineness, accessibility, logistics, pretreatment, and regulatory validation. The geographic
distribution of scientific output is presented in Figure 9. The map represents the number of
publications by the authors’ country of affiliation and not the availability of volcanic ash reserves

or deposits.
I ob

Figure 9. Geographic distribution of scientific output
Source: Author’s own work based on data exported from Scopus.

Figure 10 shows the international collaboration network generated using VOSviewer. The size of
the nodes represents the relative volume of scientific output, while the links indicate co-authorship
relationships between countries. The presence of regional clusters suggests that the development
of knowledge regarding volcanic ash as a cementitious material is associated with established
research networks, particularly in Asia, the Middle East, and Europe. For Ecuador, this bibliometric
analysis highlights a strategic opportunity: to strengthen international collaborations that enable
the transfer of methodologies for characterization, durability assessment, and validation of
cementitious mixtures with natural pozzolans. Figure 10 shows the international co-authorship
network. The size of the nodes represents each country’s scientific output, while the links show
collaborative relationships between authors from different countries.
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Figure 10. Visualization of the collaboration network among countries
Source: created by the authors using VOSviewer, based on records retrieved from Scopus.

4.1.4 Keyword co-occurrence.

The keyword analysis conducted using VOSviewer included the consolidation of similar terms to
prevent duplicates and represent the most prominent concepts with greater accuracy. Figure 11
presents the keyword co-occurrence network, after merging synonyms and terminological variants.
The main thematic clusters relate to mechanical performance, durability, pozzolanic activity,
chemical characterization, and sustainability.

The co-occurrence of keywords made it possible to identify the central themes regarding the use of
volcanic ash as a supplementary cementitious material. Figure 11 shows a network highlighting
terms associated with mechanical performance—particularly compressive and flexural strength—
and with comparisons of volcanic ash to other pozzolans. Also prominent are concepts related to
Portland cement and material durability, such as permeability, resistance to chlorides and sulfates,
and freeze-thaw effects. In addition, terms related to its chemical and mineralogical
characterization appear, highlighting interest in its pozzolanic reactivity. Finally, the presence of
words associated with geopolymers, alkaline activation, and carbon footprint indicates their
relevance in research aimed at developing more sustainable materials.
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Figure 11. Overlaid visualization of keywords by cluster
Source: Created by the authors using VOSviewer, based on records retrieved from Scopus.
Note: The keywords are retained in English, as they were retrieved and indexed in Scopus and
processed in VOSviewer, in order to preserve traceability, terminological consistency, and the
reproducibility of the bibliometric analysis.

4.2 Mechanical performance and factors controlling the reactivity of volcanic ash.

The mechanical performance of mortars and concretes containing volcanic ash does not depend
solely on the percentage of cement substitution, but rather on the interaction between chemical
composition, amorphous fraction, fineness, particle size, specific surface area, availability of
portlandite, and curing conditions. These factors control the rate and magnitude of the pozzolanic
reaction. In particular, the content of reactive SiO2 and Al.Os, together with the amorphous fraction,
determines the ash’s ability to react with the Ca(OH). released by the hydration of Portland cement.
Fineness and specific surface area increase the contact area and can promote both the filler effect
and the nucleation of hydration products. As a result, when sufficient calcium is available in the
matrix, the secondary formation of C-S-H and C-A-S-H gels is promoted, which are responsible
for pore refinement, matrix densification, and improved mechanical and durability performance.
Conversely, high substitutions can reduce the amount of hydratable clinker, limit the availability
of portlandite, and intensify the dilution effect, leaving fractions of the ash partially unreacted
(Khan et al., 2019, 2022; S. Singh et al., 2026).

The reviewed evidence shows that volcanic ash contents between 10% and 20% typically offer the
most favorable balance between early strength, long-term strength, and workability. Within this
range, volcanic ash can act simultaneously through a physical filling effect, nucleation of hydration
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products, and pozzolanic reaction, promoting the secondary formation of C-S-H and C-A-S-H.
These products contribute to the refinement of the porous network, the densification of the matrix,
the reduction of capillary connectivity, and the development of medium- and long-term mechanical
strength (Hasan et al., 2024; K. M. A. Hossain & Lachemi, 2007; Lo et al., 2009; Ozen & Uzal,
2021). At these levels, the pozzolanic reaction of fly ash promotes the additional formation of C-
S-H and C-A-S-H gels, densifying the microstructure and improving durability (Y. Cao et al., 2025;
Jackson et al., 2017; Wei et al., 2005). At moderate replacement levels (5-10%), simultaneous
increases in strength, durability, and workability are even observed (Hossain, 2005; Shahjalal et
al., 2025), whereas replacements exceeding 20—-30% tend to reduce early strength and workability
due to cement dilution and incomplete pozzolanic reaction (Edris et al., 2021; Hasan et al., 2024;
Zhou et al., 2021).

However, at high replacement levels (>30%), long-term strength can be maintained or even
increased through activation methods and synergistic blends with other byproducts (slag, other
supplementary cementitious materials, and nanoadditives), as well as through optimized curing
regimens (Ababneh et al., 2024; Bawab et al., 2024; Diaz et al., 2013; Khan & Amin, 2017; Martin-
Rodriguez et al., 2024; Zhou et al., 2021). The fineness, chemical composition, and amorphous
content of fly ash are key factors that control its reactivity and its effect on strength (M. Cao &
Zhang, 2023; Hazarika et al., 2025; Kupwade-Patil, Tyagi, et al., 2016; Masmoudi et al., 2017).
Furthermore, in aggressive environments, such as marine environments or at high temperatures,
concretes containing 10-20% CV exhibit better residual mechanical performance and greater
durability compared to conventional Portland cement (A Lachemi, 2004; Anwar Hossain, 2006;
Demirel & Kelestemur, 2010; Jackson et al., 2017; Wahyuni et al., 2025). Overall, the literature
supports the view that VA is an effective cementitious material for improving compressive strength
when dosed within optimal ranges and its activation and curing are properly controlled (Bawab et
al., 2024; Hasan et al., 2024; Zhou et al., 2021). Overall, the literature supports the finding that
volcanic ash can improve compressive strength when incorporated within appropriate replacement
ranges and when its reactivity, fineness, and curing conditions are controlled. Table 1 provides a
comparative summary of the main effects of volcanic ash content on early strength, long-term
strength, and workability.

Tablel . Effect of volcanic ash content on compressive strength
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al., 2018; Martin-Rodriguez et al., 2024;
Zhou et al., 2021)

>30 L ~/1 N Synergistic mixtures and activation are
(with essential (Bawab et al., 2024; Hasan et al.,

activatio 2024; Khan et al., 2022; Kupwade-Patil,

n) Chin, et al., 2018; Uzbas & Aydin, 2019,

Zhou et al., 2021; Zhuginissov et al., 2026)
Legend: 1 = Improved; | = Reduced; = = Comparable to control.
Source: Prepared by the authors based on the scientific evidence cited for each replacement
range.

4.2.1 Chemical and physical variability of volcanic ash.

The chemical and physical variability of volcanic ash is one of the factors that most strongly
influences its performance as a SCM. Unlike more tightly controlled industrial materials, volcanic
ash can exhibit significant differences in the content of SiO2, Al2Os, Fe:0s, CaO, alkalis, loss on
ignition, amorphous phase, crystalline phases, fineness, particle size, and specific surface area. This
variability explains why the optimal substitution ranges reported in the literature cannot be
generalized without prior characterization of the material.

From a chemical standpoint, ashes with a higher proportion of amorphous silicoaluminate phases
tend to exhibit greater pozzolanic potential, provided there is sufficient Ca(OH). available in the
cementitious matrix. In these cases, the reaction with portlandite can promote the formation of C-
S-H and C-A-S-H, products responsible for microstructural densification. In contrast, fly ash with
high crystalline content, low fineness, or a limited reactive fraction may act predominantly as a
filler, providing physical benefits but making a lesser chemical contribution to strength
development. The chemical and physical variability identified in the reviewed studies is presented
in Table 2. The information was extracted from the original articles and organized comparatively
to show the differences in chemical composition, mineralogy, fineness, particle size, and specific
surface area of the evaluated volcanic ashes.
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Table 2. Chemical and physical variability of volcanic ash.
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(Zeyadetal, | oo 148.06(16.83| 7.63 [12.52] 6.59 | 3.65 | 03 | 1.61 | 2™OPhous |y 150 | 4090 cm?/g | Concrete
2023) Powder) aluminosilic
ate phase
Egypt Passes
(geszh(;;;t (Wadi El- [67.04| 14.9 | 2.59 | 327 | 1.72 | 6.54 | 0.3 | 2.83 — through #170 — Concrete
7 Anbgy) sieve
. Diopside
(Martin- . . 96% < 45 .
Rodriguez et | P9 2 141 56114.49] 147 (1192 557 | 596 | 02 | — | Ausite | 0104 < _ Hybrid and
Palma) Magnetite, alkaline cement
al., 2024) . 32 um
Bytownite
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Source: Compiled by the authors based on data reported in the studies cited in the first column.
Note: VM 1-VM4, MR3, and PzI1 correspond to the identification codes used by the authors of the original studies; “— indicates information
not reported.
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4.3 Effect on flexural strength.

Scientific evidence shows that the flexural strength of concrete and mortar containing volcanic ash
(VA) depends heavily on the percentage of cement replacement. Consistently, the studies agree
that replacement ranges between 10-20%, with 15% being the most common value, allow for
maximizing flexural strength, with significant increases compared to control mixtures (Al-
Swaidani, 2017; Bawab et al., 2024; Hasan et al., 2024; A. Hossain et al., 2006; Keshta et al., 2022;
Shahjalal et al., 2025). This behavior is attributed to the pozzolanic reaction of CV, which generates
additional C-S-H and C-A-S-H gels, promoting the densification of the cementitious matrix and
the refinement of the interfacial transition zone (ITZ) (Bawab et al., 2024; Khan et al., 2022;
Novakova et al., 2024; Peng et al., 2024; Wang et al., 2025). At substitution levels above 20%,
strength tends to stabilize or decrease, primarily due to cement dilution effects and incomplete
pozzolanic reaction, although prolonged curing can partially mitigate this loss (Ali et al., 2023;
Anwar Hossain, 2006; Hasan et al., 2024; Keshta et al., 2022; Mohamad et al., 2020; Zeyad et al.,
2023; Zhuginissov et al., 2026).

Likewise, the fineness of the volcanic ash and the activation methods play a decisive role: finer
particles and physical or chemical treatments increase reactivity and enhance flexural strength (al-
Swaidani et al., 2016; Begaye et al., n.d.; Khan et al., 2019; Khan & Amin, 2017; J. Liu et al., 2017;
L. P. Singh et al., 2017; Xiong et al., 2022; Zhang et al., 2025). However, high CV contents affect
workability and setting time, especially at replacement rates above 25-35% (Bawab et al., 2024,
2025b; Hasan et al., 2024; K. M. A. Hossain, 2003), which requires the use of additives and
pretreatment strategies (Keshta et al., 2022; Ogunbode & Hassan, 2011; Zhang et al., 2025).
Table 3 summarizes the effect of the volcanic ash replacement percentage on the flexural strength
of mortars and concretes. The analyzed data indicate that the greatest increases are typically
achieved in the 10—-15% range, while contents exceeding 25-35% tend to reduce performance

due to the dilution effect and the reduced availability of hydration products.

Table 3. Effect of volcanic ash (VA) replacement on the flexural strength of mortars and

concretes.
Percentage Trend in . Effect on
of VA Dominant o
flexural . workability/ References
replaceme mechanism .
nt strength setting
0% Reference Normal cement Normal (Al-Swaidani, 2017;
(control) value hydration Hasan et al., 2024)
5% 1 Moderate | Micro-filler and early | Slight (Shahjalal et al., 2025;
increase (up | activation decrease L. P. Singh et al., 2017)
to +15-17%)
10% 11 High Optimal formation of | Acceptable (Al-Swaidani, 2017;
increase C-S-H and C-A-S-H, Hasan et al., 2024; A.
refinement of the ITZ Hossain et al., 2006;
Shahjalal et al., 2025)
15% ™ Densification of the Slight (Al-Swaidani, 2017;
Maximum matrix and ITZ reduction Bawab et al., 2024;
increase Hasan et al., 2024; A.
(optimal) Hossain et al., 2006)
20% 1/ Maximum pozzolanic | Moderate (Bawab et al., 2024;
Plateau benefit with onset of | reduction Hasan et al., 2024; A.
dilution Hossain et al., 2006)
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25-35% | Decrease Cement dilution and Significant (Ali et al., 2023; Hasan
incomplete hydration | decrease et al., 2024; Zeyad et
al., 2023)
>40% 1] Severe Excessive dilution, Slow setting, | (Bawab et al., 2024; K.
decrease low reactivity low M. A. Hossain, 2003)
workability

Source: Prepared by the author based on the scientific evidence cited for each replacement range.
Note: 1 indicates an increase; | indicates a decrease; < indicates stable behavior relative to the
control mix.

4.4 Optimization strategies to expand the use of volcanic ash.

To expand the use of volcanic ash beyond conventional replacement ranges, simply increasing its
dosage is not enough. Its performance must be optimized through beneficiation strategies and mix
design. Controlled grinding can increase the specific surface area and accelerate the pozzolanic
reaction, although this must be balanced against water demand, compatibility with
superplasticizers, and the potential increase in energy consumption associated with processing the
material. Particle size classification helps reduce coarse particles with low reactivity and improve
the filler effect, while thermal or chemical activation can increase the availability of reactive
phases. However, these strategies must be evaluated using technical, energy, economic, and
environmental criteria, as intensive treatments could diminish some of the benefits associated with
reducing clinker content (Khan et al., 2022; J. Rajesh & Kandasamy, 2025; Zhao et al., 2018).
Another strategy involves formulating binary or ternary systems that combine volcanic ash with
other SCMs or with cements of different compositions, seeking to balance Ca(OH). availability,
reactive alumina content, pore refinement, and mechanical performance. These alternative could
allow for greater reductions in the clinker factor without compromising durability; however, they
require specific experimental validation for each ash source, especially in contexts such as Ecuador,
where mineralogical and logistical variability limits the standardization of the material (Bawab et
al., 2024; de Siqueira & Cordeiro, 2022; Rodrigues et al., 2022).

4.5 Impact on durability: sulfate resistance.

The incorporation of volcanic ash (VA) significantly improves the resistance of concrete and
mortar to sulfate attack, primarily due to its pozzolanic activity, which reduces the calcium
hydroxide content and refines the pore structure, thereby limiting the ingress of sulfate ions and
the formation of expansive ettringite (Bawab et al., 2025b; Canpolat et al., 2007; Das Gupta et al.,
2025). Optimal replacement levels range from 10-20%, where an adequate balance between early
mechanical strength and long-term durability is achieved, although replacement levels of up to
40% can be used when sulfate resistance is prioritized over early strength (Das Gupta et al., 2025;
A. Hossain et al., 2006; Kupwade-Patil, De Wolf, et al., 2018).

From a microstructural perspective, CV reduces porosity, increases the ultrasonic pulse velocity,
and densifies the cementitious matrix, thereby hindering sulfate diffusion and internal expansion
(Al-jabali et al., 2025). Furthermore, the consumption of reactive aluminates and Ca(OH):
decreases the nucleation and growth of ettringite, thereby reducing microcracking (Amine et al.,
2017; Bawab et al., 2025a; Khan et al., 2022; Rols et al., 2000; Souza et al., 2023; Zunino &
Scrivener, 2025). The fineness and amorphous content of the CV have a decisive influence on its
effectiveness, since finer particles with a higher amorphous phase accelerate the pozzolanic
reaction and enhance sulfate resistance (Djon Li Ndjock et al., 2017; Jaturapitakkul et al., 2007;
Jubera-Pérez et al., 2024; Shahjalal et al., 2025; Suraneni et al., 2019; Yu et al., 2015). Under severe
environmental exposure conditions, such as wetting—drying cycles, CV performs better than
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conventional Portland cement, especially at replacement rates of 20-30% (Gao et al., 2010;
Omikrine Metalssi et al., 2024). Overall, the evidence supports the conclusion that CV is a highly
effective material for increasing the durability of concrete in sulfate-containing environments,
provided that its dosage, fineness, and curing regimen are optimized (Al-jabali et al., 2025; Bawab
et al., 2025b; Das Gupta et al., 2025; Hasan et al., 2024; Kiran Kumar et al., 2024; Nair &
Viswanathan, 2023; Wang et al., 2023).

Replacement levels of 10-20% have proven particularly effective in improving this property,
although good performance has been reported at levels as high as 40% (K. M. A. Hossain &
Lachemi, 2004; Sideris & Savva, 2001). The performance of CV in this area is comparable to and
even superior to that of other conventional SCMs (Khan et al., 2022; Siddique, 2012).

4.6 Impact on durability: permeability.

Permeability, which measures the ease with which fluids and aggressive agents (such as water and
chlorides) can penetrate concrete, is a key indicator of its durability. The incorporation of volcanic
ash (VA) as a partial cement replacement significantly reduces the permeability of concrete,
primarily due to the refinement of the porous structure and the densification of the matrix resulting
from its pozzolanic reaction (A. Lachemi, 2004; Darwis et al., 2018; Edris et al., 2021; K. M. A.
Hossain & Lachemi, 2007; Vedalakshmi et al., 2003). The most consistent results are reported in
the 10-20% substitution range, where the lowest values of water absorption and permeability are
achieved, along with a substantial improvement in resistance to chloride penetration, with
reductions of up to 80-90% in diffusivity (Altimari et al., 2025; Anwar Hossain, 2006; Edris et al.,
2021; Ibrahim et al., 2025). For higher replacement levels (20—40%), permeability continues to
decrease, although with losses in e r early strength; these levels are appropriate when long-term
durability is prioritized over initial mechanical performance (Al-Swaidani, 2017; Anwar Hossain,
2006; A. Hossain et al., 2006; K. M. A. Hossain & Lachemi, 2007). However, replacement rates
exceeding 40% can lead to increased porosity and unreacted ash, compromising both mechanical
strength and carbonation resistance (Kupwade-Patil, Al-Aibani, et al., 2016; Lammertijn & De
Belie, 2008).

From a microstructural perspective, CV reduces pore connectivity, decreases the dominant pore
diameter, and promotes the formation of pozzolanic products (C-S-H, Al-tobermorite, phillipsite),
which limits the transport of water and chlorides (Elshinawy et al., 2025; A. Hossain, n.d.; Hu &
Du, 2013; Jackson et al., 2017; Jativa et al., 2025; Vedalakshmi et al., 2003). The fineness, origin,
and activation of fly ash directly influence its effectiveness, with better results observed for fine
fly ash with a high amorphous content (Khan et al., 2019; Mitrovi¢, 2011). Friedel salt formation
further contributes to the immobilization of chlorides (A. Lachemi, 2004; K. M. A. Hossain &
Lachemi, 2004; J. C. Liu et al., 2023; Tomoyose et al., 2020). In aggressive environments, such as
marine areas or those with wet—dry cycles, CV-based concretes exhibit superior performance
compared to conventional Portland cement (Ho et al., 2023; A. Hossain, n.d.). However, at high
replacement levels, the increase in carbonation depth poses a limitation that must be mitigated
through optimized mix design, proper curing, and combined use with other SCMs or nano-additives
(Flores Medina et al., 2015; A. Hossain et al., 2006; Ibrahim et al., 2025). Overall, the evidence
confirms that CV is highly effective in improving the impermeability of concrete when dosed
within optimal ranges and under appropriate curing conditions (Kupwade-Patil, Palkovic, et al.,
2018; Sharfuddin Ahmed et al., n.d.; Vedalakshmi et al., 2003).

The identified effects on durability are summarized in Table 4. Generally speaking, ash contents
between 10% and 20% yield the most favorable results regarding permeability, chloride ingress,
and sulfate attack; however, performance depends on the composition and fineness of the ash,
curing conditions, and the exposure environment. At high replacement rates, the lower alkaline
reserve may increase the risk of carbonation.
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Table 4. Summary of effects on durability.

Property Optima | Main effect Dominant Technical References
1CV mechanism Limit
Range
Sulfate 10-20% Lower Pore Depends on | (Bawab et al.,
resistance /upto | expansion and refinement, aluminates, | 2025b;
40% in greater portlandite curing, and | Canpolat et al.,
certain durability consumption, ash 2007; Das
cases reduced composition | Gupta et al.,
expansive 2025; A.
formation Hossain et al.,
2006; K. M. A.
Hossain &
Lachemi,
2004;
Kupwade-Patil,
De Wolf, et al.,
2018; Sideris
& Savva,
2001)
Microstructure | 10-30% | Denser matrix | Pore (Al-jabali et
in sulfate and reduced refinement al., 2025;
environments microcracking | and aluminate Amine et al.,
consumption 2017; Bawab
et al., 2025a;
Khan et al.,
2022; Rols et
al., 2000;
Souza et al.,
2023; Zunino
& Scrivener,
2025)
Water 10-20% | Reduction in Densification | Water (A Lachemi,
permeability permeability and reduced | demand may | 2004; Darwis
capillary increase if etal., 2018;
connectivity | the ash is Edris et al.,
very fine 2021; K. M. A.
Hossain &
Lachemi,
2007,
Vedalakshmi et
al., 2003)
Chloride 10-20% | Reduced Pore Requires (Altimari et al.,
diffusion chloride refinement evaluation of | 2025; Anwar
penetration and possible | the Hossain, 2006;
chemical AlOs/AFm Edris et al.,
fixation phases ratio | 2021; Ibrahim
etal., 2025; J.
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C.Liuetal,
2023;

Tomoyose et
al., 2020)

Aggressive
environments
(marine, wet—
dry cycles)

20-30%
in some
systems

Better long-
term
performance

Do not
extrapolate
without local
characterizati
on

Prolonged
curing and
refined
matrix

(Hossain,
2005; Gao et
al., 2010; Ho et
al., 2023;
Omikrine
Metalssi et al.,
2024)

High
replacement
rates

>40%

Increased
porosity and
carbonation

Unreacted
ash and
dilution effect

(Flores Medina
etal., 2015;
Kupwade-Patil,
Al-Aibani, et
al., 2016;
Lammertijn &
De Belie,
2008)

Source: Author’s own compilation based on the studies cited for each evaluated property.

Although moderate substitution ranges offer the best balance between mechanical properties and
durability, their contribution to a significant reduction in the clinker factor remains limited.
Therefore, Table 5 presents a critical interpretation of the substitution ranges, relating the expected
technical performance to their potential for reducing the clinker factor, the associated risks, and the
necessary optimization strategies.

Table 5. Critical interpretation of substitution ranges in relation to clinker factor reduction.

Substitution Expected Contribution Main risk Optimization
range technical to clinker strategy
performance factor
reduction

5-10% Moderate Low Limited Use in
improvement due environmental conventional
to filler and impact cements without
nucleation effects major changes

10-20% Improved Moderate Depends on Fineness control
mechanical reactivity and and chemical
balance and curing characterization
durability

20-30% Greater Medium-high | Lower early Grinding,
environmental strength extended curing,
potential additives

30-40% Possible in High Lack of portlandite | Ternary systems,
optimized and dilution effect | activation, suitable
systems cements

>40% High Very high Low early Strict experimental
environmental strength, unreacted | validation; no
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potential, but ash, and possible general
performance increased recommendation
depends on carbonation due to

activation and lower alkaline

mix design reserve

Source: Prepared by the authors based on a critical synthesis of the results reported in the
included studies.

As shown in Table 5, contents between 10% and 20% offer the most favorable technical balance,
although their impact on clinker factor reduction is moderate. Replacements between 20% and 40%
present greater environmental potential but require fineness control, extended curing, additives, or
ternary systems to compensate for lower early strength and reduced available portlandite. Above
40%, the use of volcanic ash cannot be generally recommended due to the risk of dilution, the
presence of unreacted particles, and increased susceptibility to carbonation.

5. DISCUSSION OF RESULTS

5.1 Analysis of the findings.

Bibliometric results show that scientific interest in volcanic ash as a supplementary cementitious
material has grown steadily since 2015, with research output concentrated primarily in the fields
of Materials Engineering and Materials Science. This focus confirms that the literature has
prioritized the evaluation of mechanical performance, durability, and the physical-chemical
characterization of cementitious mixtures containing volcanic materials, as shown in Figures 5, 6,
and 11.

The geographic distribution reveals a significant concentration of scientific output in countries such
as Iran, Saudi Arabia, and Turkey, accompanied by well-established collaborative networks in
Asia, the Middle East, and Europe, as shown in Figures 9 and 10. In contrast, Ecuador’s
participation remains limited, despite the fact that the country is located in a region of recurring
volcanic activity and possesses potential sources of volcanic materials of interest for cementing
applications (Pinos-Velez et al., 2024; Toulkeridis & Zach, 2017). This discrepancy between
potential geological availability and scientific development represents a gap in applied research,
although it does not, on its own, allow us to conclude that there is proven industrial availability of
the resource.

Keyword analysis confirms that the literature centers on mechanical strength, durability,
pozzolanic activity, chemical composition, and microstructure. These results provide the
framework for critically interpreting substitution ranges, physicochemical mechanisms, and
limitations associated with the variability of volcanic ash.

5.2 The optimal balance in mechanical performance.

Analysis of mechanical properties shows that volcanic ash can improve compressive and flexural
strength when used within moderate replacement ranges and exhibits sufficient reactivity. In
general, the 10-20% range offers the best balance between early-age strength and long-term
strength development, as summarized in Table 1 (Hasan et al., 2024; K. M. A. Hossain & Lachemi,
2007; Kupwade-Patil, Chin, et al., 2018; Lo et al., 2009).

Within this range, the reactive silicoaluminate phases in the ash consume part of the portlandite
generated during clinker hydration and promote the secondary formation of C-S-H and C-A-S-H,
contributing to matrix densification and the refinement of the porous network (Y. Cao et al., 2025;
Jackson et al., 2017; Wei et al., 2005). Conversely, substitutions exceeding 30% tend to reduce
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early strength due to the dilution effect, the reduced amount of hydratable clinker, and the possible
presence of unreacted ash particles (Bawab et al., 2024; Hasan et al., 2024; Zhou et al., 2021).
The formation of C-A-S-H is influenced by the availability of reactive silicon and aluminum, the
amorphous fraction of the ash, the presence of calcium from portlandite, the alkaline environment,
particle size, and curing conditions. Consequently, the presence of volcanic ash alone does not
guarantee the formation of these products; the mechanism depends on the interaction between the
reactivity of the material and the chemical conditions of the cementitious matrix (Fernandes et al.,
2025; Jativa et al., 2025; Kupwade-Patil, De Wolf, et al., 2018; Tomoyose et al., 2020).

This interpretation explains why moderate substitutions typically outperform high-level
replacements. When there is sufficient hydratable clinker, the matrix has portlandite available to
sustain the pozzolanic reaction; when the replacement is excessive, the calcium source decreases
and the fraction of potentially unreacted ash increases. However, this limit can be shifted through
grinding, activation, extended curing, or ternary cement systems, provided that their technical and
environmental effectiveness is verified (Ababneh et al., 2024; Bawab et al., 2024; Khan & Amin,
2017; Martin-Rodriguez et al., 2024; Zhou et al., 2021).

For flexural strength, the evidence indicates that the most favorable range is between 10% and
15%, as shown in Table 3. This behavior is related to the refinement of the matrix and the interfacial
transition zone, which improves aggregate—paste adhesion and the response to flexural tensile
stresses (Bawab et al., 2024; Khan et al., 2022; Peng et al., 2024). However, further increases may
reduce workability and delay setting, especially when the fineness of the material increases water
demand or when the dilution effect predominates (Bawab et al., 2024; Hasan et al., 2024; K. M. A.
Hossain, 2003).

Taken together, fineness, chemical composition, amorphous fraction, activation processes, and
curing conditions determine whether a high replacement rate can maintain acceptable mechanical
performance. Therefore, the percentage of volcanic ash should not be used as the sole design
criterion (M. Cao & Zhang, 2023; Hazarika et al., 2025; Kupwade-Patil, Tyagi, et al., 2016;
Masmoudi et al., 2017).

5.3 Durability: benefits and performance limits.

Scientific evidence confirms that volcanic ash (VA) significantly improves the durability of
concrete, especially against sulfate attack and chloride penetration. Replacement rates of 10-20%
are optimal for balancing mechanical performance and durability, although levels of up to 40% can
be considered when long-term chemical resistance is prioritized; however, their performance
depends on reactivity and mix design, as summarized in Table 4. This behavior is explained by the
pozzolanic reaction of CV, which consumes portlandite (Ca(OH):), refines the pore structure, and
limits the formation of expansive ettringite in sulfate-containing environments (Bawab et al.,
2025b; Canpolat et al., 2007; Das Gupta et al., 2025).

Furthermore, in the 10-20% range, reductions of up to 80-90% in permeability and chloride
diffusion have been reported, attributable to the densification of the matrix and the formation of
Friedel’s salt, which chemically immobilizes the chlorides (Anwar Hossain, 2006; Edris et al.,
2021; Ibrahim et al., 2025). However, replacement rates exceeding 40% can increase the depth of
carbonation and reduce mechanical strength due to a decrease in the concrete’s alkali reserve
(Flores Medina et al., 2015; Kupwade-Patil, Al-Aibani, et al., 2016; Lammertijn & De Belie, 2008).
Therefore, the VA content should be defined as a critical design parameter, particularly relevant in
contexts with high availability of volcanic resources, such as Ecuador.

5.4 Opportunities and conditions for the utilization of volcanic ash in Ecuador.
Ecuador offers favorable geological conditions for researching volcanic ash and natural pozzolans
as potential supplementary cementitious materials, due to its location in a region of recurring
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volcanic activity. However, this condition does not automatically equate to industrial availability,
as utilization depends on the accessibility, continuity, volume, chemical composition, mineralogy,
and reactivity of each source (Pinos-Velez et al., 2024; Toulkeridis & Zach, 2017).

The main opportunity for Ecuador lies in developing a technical framework that allows for
distinguishing between ash with pozzolanic potential, materials requiring pretreatment, and sources
that lack sufficient reactivity. This need is justified by the variability in the reported content of
Si02, AL:Os, CaO, amorphous phase, mineralogy, fineness, and specific surface area for volcanic
materials from different sources (Gil-Martin et al., 2025; Shahjalal et al., 2025; Sokotowska, 2025).
Consequently, the substitution ranges obtained with ash from other regions should not be directly
extrapolated to Ecuadorian materials.

Treatment processes should be defined according to the material’s initial characteristics. Drying
may be necessary to control dosage; grinding and particle size classification can increase the
specific surface area and improve the filler effect; and mechanical, thermal, or chemical activation
can be evaluated when reactivity is insufficient. However, these alternatives may increase energy
demand, costs, and associated emissions; therefore, they must be justified through a technical,
economic, and environmental assessment (Ababneh et al., 2024; Khan & Amin, 2017; Martin-
Rodriguez et al., 2024; Zhang et al., 2025).

Logistics also influence industrial feasibility. The distance between sources, cement plants,
concrete plants, and construction sites can alter the environmental and economic benefits obtained
through clinker reduction. Therefore, a material that performs well in the laboratory may not be
viable if it requires long-distance transport, energy-intensive processing, or lacks consistency in
quality and supply (Cavalieri et al., 2024; Mohamad et al., 2020).

At the regulatory level, the incorporation of volcanic ash requires acceptance criteria related to
chemical composition, fineness, loss on ignition, pozzolanic activity, relative strength, and
durability, all of which must be adapted to the characteristics of the cements, aggregates, and local
exposure conditions.

Consequently, the opportunities for Ecuador should be understood as an agenda for research,
standardization, and technology transfer. Table 6 shows the main conditions for the utilization of
volcanic ash as a supplementary cementitious material (SCM), including actual resource
availability, characterization, treatment, performance, logistics, environmental impact, and
regulatory control.

Table 6. Conditions for the utilization of volcanic ash as a supplementary cementitious material

in Ecuador.
Dimension Critical Aspect Required Information Implications for
Ecuador

Availability of the | Presence of Geological inventory, Industrial availability
resource exploitable deposits | volume, accessibility, should not be assumed

or emissions and continuity without data
Chemical SiO2, Al20s, CaO, XRF, LOI, chemical Determines whether
characterization alkalis, SOs analysis the material can act as

a pozzolan

Mineralogical Amorphous phase, XRD, quantification of | Assesses pozzolanic
characterization crystalline phases, the amorphous phase reactivity

volcanic glass
Physical Fineness, particle Particle size Influences reactivity,
properties size, specific surface | distribution, water demand, and

area Blaine/BET workability
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plants, transportation,
humidity

Material Drying, grinding, Processing protocol Improves uniformity

processing classification and performance

Mechanical Compression, Mortar and concrete Defines viable

performance flexural strength, tests replacement ranges
relative strength

Durability Sulfates, chlorides, Service Life and Determines safety for
permeability, Exposure Tests infrastructure
carbonation

Logistics Distance to cement Technical-Economic Can determine actual
plants/concrete Analysis feasibility

National and

Acceptance criteria

Comparison with

Necessary for

international for natural pozzolans | international industrial adoption
regulations and SCM requirements and and quality control
adaptation to local
cements and aggregates
Material Drying, grinding, Energy requirements, Processing must
processing screening, and cost, improved improve performance
possible activation reactivity, and without negating
environmental impact environmental benefits
Environmental Clinker reduction vs. | LCA and economic Avoids false
impact processing energy analysis environmental
improvements

Source: Prepared by the authors based on a critical analysis of international evidence and the
conditions identified for the Ecuadorian context.

Table 6 shows that geological availability is only the first condition for potential industrial
application. Actual feasibility will depend on whether the sources exhibit continuity, accessibility,
and compositional uniformity; furthermore, the benefits derived from clinker reduction must
outweigh the impacts and costs associated with drying, grinding, classification, and transportation.
Therefore, prior to regulatory or industrial implementation, it will be necessary to validate
Ecuadorian fly ash with local cements and aggregates under exposure conditions representative of
the country.

In summary, the reviewed evidence indicates that substitutions between 10% and 25% offer the
most consistent balance between mechanical performance, durability, and microstructural
refinement, although these ranges do not constitute universal criteria. Their effectiveness depends
on the amorphous fraction, fineness, availability of portlandite, curing conditions, and mix design;
meanwhile, high replacement rates require activation or ternary systems to limit the dilution effect
and the risk of carbonation (Bawab et al., 2024; Hasan et al., 2024; Kupwade-Patil, Al-Aibani, et
al., 2016; Zhou et al., 2021). For Ecuador, the transfer of these results requires local
characterization, logistical evaluation, environmental validation, and regulatory criteria prior to
industrial implementation (Pinos-Velez et al., 2024; Toulkeridis & Zach, 2017).

6. CONCLUSIONS

The systematic review and complementary bibliometric analysis made it possible to evaluate the
mechanical performance, durability, pozzolanic mechanisms, and application conditions of
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volcanic ash as a supplementary cementitious material. Based on the analyzed evidence, the
following conclusions are drawn:

1. Volcanic ash contents between 10% and 25% generally offer the most favorable balance
between mechanical strength, durability, and microstructural refinement. However, this
range is indicative and does not constitute a universal dosing criterion, due to variability in
chemical composition, mineralogy, amorphous fraction, fineness, cement type, water-to-
cement ratio, and curing conditions.

2. The favorable performance of volcanic ash is related to its pozzolanic activity and the
physical effect of its particles. The reaction of silico-aluminous phases with portlandite can
promote the secondary formation of C-S-H and C-A-S-H, reduce capillary connectivity,
and densify the matrix. At high replacement rates, the reduced availability of Ca(OH). and
the dilution effect may limit the reaction, reduce early strength, and leave a portion of the
material unreacted.

3. Moderate substitutions can improve resistance to water, chloride, and sulfate ingress;
however, high substitutions can reduce the alkali reserve and increase susceptibility to
carbonation. Therefore, the contribution of volcanic ash to reducing the clinker factor must
be evaluated in conjunction with mechanical strength, durability, and service life, and not
solely based on the percentage of cement substituted.

4. For Ecuador, volcanic ash represents a potential alternative, but one that is still subject to
local validation. Its application requires identifying and characterizing available sources,
evaluating material variability, defining necessary treatments, testing its performance with
local cements and aggregates, and analyzing logistics, costs, environmental impact, and
regulatory criteria. Consequently, its industrial incorporation requires technical, regulatory,
logistical, and environmental validation before establishing substitution ranges applicable
to the country.

In other words, the utilization of volcanic ash in Ecuador should not be limited to the direct
extrapolation of international optimal ranges but rather requires the establishment of a national
agenda for applied research and technology transfer. To move from the territorial identification of
the resource to its safe and viable incorporation into the construction industry, it is imperative to
conduct detailed characterizations of local sources, evaluate treatment and controlled grinding
processes, and carry out durability studies under real-world exposure conditions. Finally, the
success of this sustainable alternative depends on the creation of regulatory frameworks and
specific quality control criteria that ensure the logistical, environmental, and economic
compatibility of volcanic ash as a SCM in the Ecuadorian context.
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