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Abstract

This study aims to evaluate the mechanical behavior of concrete that incorporates 51.3% raw volcanic ash into its structure,
focusing on its static elasticity modulus and compressive strength. Cylindrical concrete samples were prepared via the mix
design commonly used in practice in Bafios, Tungurahua, Ecuador. Three curing methods were applied: immersion, water
spraying, and no curing. Compressive strength tests were conducted at 3,7, 14, 21, and 28 days, whereas the static modulus
was measured at 28 days following ASTM C469. Despite the high use of ash in the mixture, the mixtures achieved adequate
compressive strengths for structural applications, reaching 28.05 MPa. However, a significant reduction in the static
modulus was observed, with experimental values of approximately 7.06 GPa, whereas the value of 24.89 GPa was
predicted by the equations given in ACI318. The use of raw volcanic ash in structural mixes requires modifications to
deformation and stiffness calculations to ensure seismic performance, suggesting the need to review local regulations on
traditional mixes. Based on the experimental data, an alternative empirical model, the VAM model, was proposed to better
predict the elastic modulus of concrete with high volcanic ash content. The findings reveal a dual function of ash, acting
as a pozzolanic material and as a low-density aggregate, highlighting the need to adjust the design equations when raw
volcanic ash is used. This work contributes to the sustainable design of concrete mixtures in seismic regions.
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1. Introduction

Concrete is one of the most widely used materials in construction [1]. It is used for its mechanical, physical, chemical,
and thermal properties, which make it present in buildings, bridges, pavements, and dams [2]. Its characteristics, such
as compressive strength, fire resistance, and ability to protect reinforcing steel, make it a widely used material in
construction around the world [3]. In Ecuador, concrete is the most widely used construction material, according to the
National Building Survey by the National Institute of Statistics and Censuses (INEC) [4]. Local regulations govern the
quality, strength, and curing time of concrete depending on the type of cement used. However, there are processes in
which there are no regulations for concrete mixed design. In certain cases, the regulations include control procedures
that are limited to the extraction and testing of concrete cores to verify the in situ strength against the design
specifications. Nonetheless, even under these frameworks, there are cases where there is a complete lack of oversight
due to clandestine construction and informal building practices [5].

In Tungurahua Province, which is characterized by volcanic activity from homonymous volcanoes, volcanic ash
is widely incorporated into concrete mixtures [6], mainly for economic reasons and local availability. Previous
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studies have shown that volcanic ash can act as a pozzolanic material, improving long-term durability, reducing
permeability, and contributing to the sustainable development of concrete [7-9]. In the studies presented, the use of
ash is typically limited to partial replacement in proportions usually below 30%, often with processed or calcined
additions to maximize its reactivity. In the present study, raw volcanic ash—without calcination—was used in a
mixture with 51.3% cement replacement, [10] and its mechanical performance was evaluated, especially with
respect to the modulus of elasticity of hardened concrete. Despite the high replacement level, the design-required
strength was maintained in the fabricated cylindrical samples, which raises questions about the optimal structural
design when a minimum strength that can be achieved with this mixture is specified. However, a deeper evaluation
of its physical and chemical properties is needed.

Since the required strength specified by the structural designer is maintained, an examination of the characteristics
of the concrete developed by adding this ash is needed. In Chapter 19.2.2.2, local regulations and ACI 318 present two
mathematical expressions to determine the static modulus of concrete: one for typical weight concrete and the other for
a lightweight mix [10]. The measured value depends on the compressive strength in the case of a typical mix and on
both the compressive strength and density of lightweight concrete [11].

Young’s modulus, or the static modulus of elasticity, is an essential characteristic of the concrete mix that describes
the stiffness or resistance to elastic deformations of a material [12]. In a seismic region such as Ecuador, it is a crucial
factor when performing seismic-resistant structural design, which is generally determined via the equations provided by
local regulations for concrete [13].

This study aims to assess the elastic modulus of concrete containing a high proportion of volcanic ash in its mixture
[14]. This study aims to analyze the correspondence between the experimentally obtained results and the expressions
proposed in this study, as well as those established by local and international standards. Additionally, the evolution of
the concrete strength over the curing time is examined to identify the mechanical development of the material at different
ages. The behavior of volcanic ash is analyzed not only as a supplementary cementitious material but also in its
functional transition toward the role of an aggregate.

In the study “Effect of Volcanic Ash on the Properties of Cement Paste and Mortar” [15], it was established that
volcanic ash, owing to its pozzolanic effect, can partially replace cement because of its binding properties. However,
the scope of that research was limited to mortar, with a focus on comparisons between volcanic ash mortar and cement
mortar. The present article extends the analysis to concrete, not only mortar but also coarse aggregate, and compares the
compressive strength and elastic modulus of conventional concrete and lightweight concrete with the elastic modulus
of the new concrete incorporating volcanic ash.

In the article “Mechanical Properties of Volcanic Ash-Based Concrete” [16], it is established that up to 25% of
cement can be replaced with volcanic ash. This study considers an analysis of the compressive strength of concrete with
varying replacement percentages of ash; however, key factors, such as the elastic modulus, which directly influences
the stiffness of structural elements, are not addressed in terms of providing data on the static elastic modulus of volcanic
ash concrete. Instead, the research has focused primarily on sustainability as well as the potential of the material as an
alternative to conventional concrete. The present study proposes a methodology for the determination and evaluation of
concrete incorporating volcanic ash.

Research “Strength, Durability and Microstructural Aspects of High-Performance Volcanic Ash Concrete” [17] is
consistent with the findings presented in this research, namely, that the incorporation of volcanic ash reduces the
compressive strength of concrete and that volcanic ash concrete requires longer curing periods than conventional
concrete does. Therefore, this work may serve as a foundation for future studies aimed at determining the relationship
between the percentage of volcanic ash incorporated and the curing time required to achieve adequate compressive
strength.

This research article was structured by first determining the empirical use of concrete with volcanic ash as a fine
aggregate. A review of previous studies on the use of volcanic ash in concrete was subsequently conducted, with a focus
on aspects such as strength, testing methods, and results obtained by other authors. The methodology involved obtaining
materials from the region to ensure similar physical and mechanical properties of gravel, cement, sand, ash, and water,
which were used in the preparation of the concrete test samples. The mix design was based on surveys conducted with
constructors, engineers, and workers. At this stage, the materials were characterized through granulometric analysis and
ASTM soil classification.

The methodology also included testing the concrete samples, which were subjected to different curing times—some
in curing pools and others without curing. Comparisons were then made with formulas provided in the construction
codes. A total of 24 cylindrical samples were tested via a hydraulic compression press in accordance with established
standards. The results allowed comparisons between samples with different curing times, particularly in terms of
compressive strength, stress—strain curves, and elastic zone characteristics.
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Additionally, the static modulus of elasticity was compared among traditional concrete, lightweight concrete, and
volcanic ash concrete samples. The test results were used to propose a trend through the volcanic ash modulus (VAM)
model. On the basis of this tendency, an empirical equation was proposed to estimate the static elastic modulus of
volcanic ash concrete. Finally, the discussion was developed considering the experimental results, the experience of the
researchers, and the bibliography consulted, leading to the final conclusions of this study.

2. Research Methodology

The research methodology follows a systematic sequence designed to ensure the rigorous characterization and
evaluation of volcanic ash as a partial replacement material in concrete. Initially, raw volcanic ash is collected and
subjected to particle size analysis in accordance with ASTM C33, followed by physicochemical characterization through
X-ray fluorescence (XRF) and X-ray diffraction (XRD) tests to identify oxides and mineral phases such as plagioclase
and pyroxenes. A concrete mix design is subsequently developed, and test samples are prepared, incorporating controlled
curing regimes. Mechanical testing is then conducted according to ASTM C39, assessing the compressive strength at 7,
14, and 28 days, as well as the elastic modulus at 28 days, with failure modes recorded and classified. The results are
further analyzed through evaluation of the strength activity index (SAI), which provides insights into the pozzolanic
reactivity of volcanic ash. Finally, statistical analysis and modeling are performed to compare the experimental outcomes
with those of the ACI 318 equations, leading to the development of an empirical volcanic ash modulus (VAM) model
that estimates the elastic modulus of volcanic ash concrete, thereby contributing to both theoretical understanding and
practical applications in sustainable construction materials. Figure 1, shows the flowchart of the research methodology
through which the objectives of this study were achieved.

Elastic
modulus (28
days) Failure

5. Mechanical
START Tests:

Compression

recording and

\

(7, 14, 28 days) classification
1. Materials » ASTM C39 (ASTM C39
Characterization types
Collection and

sieving of raw

volcanic ash.

l

Particle size

analysis
(ASTM C33).
—

Strength Activity
Index (SAI)

3. Mix Design

2. Properties of

Volcanic Ash and Specimen

XRF and Preparation Y

XRD tests S 7. Data END

Analysis and
Modeling 4

Identification ])ctcnr-nnatlon *1—"

of oxides of mineral Statistical
(CaQ, 5102, phases analysis of Development of

Al2O3, ete.) of
volcanic ash

(plagioclase,

pyroxenes,

ete.)

results

Comparison

empirical VAM

| model to estimate
elastic modulus

with ACI 318

equatlons

Figure 1. Workflow of the methodology used in the current research

The present study was performed in three phases. The first stage examines the evolution of concrete strength over
the curing time. For this purpose, 24 cylindrical samples with a diameter of 150 mm and a height of 300 mm were
produced using a cement replacement of 51.3%, with the following mix design.

For the current study, the mix design used in the production of the samples is characterized by the high use of
volcanic ash, as shown per cubic meter in Table 1.
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Table 1. Mix design used per m*

Mix design per m?®

Water Cement Volcanic Ash Fine aggregate Coarse aggregate

Mass (kg) 164.3 279.1 294.6 294.6 900.8

This mix design is similar to that used in construction projects in Bafios - Tungurahua. The particle size distribution
of the materials used is shown in the Figure 2, which details the following components.
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Figure 2. Particle size distribution of the materials used: a) Volcanic ash b) Fine aggregate c) Coarse aggregate

2.1. Volcanic Ash

Volcanic ash is defined as a natural pozzolan produced by the fragmentation of magmatic rock during a volcanic
eruption, where the particle size is less than 2 mm in diameter [18, 19]. When weathered, this material forms natural
pozzolanic deposits of various colors ranging from light gray to black [19]. The type of ash used is Class N according
to ASTM C618 (Table 2), as this type of ash is raw and of natural origin. [20].

Table 2. Classification, ASTM C 618 [20]

Categories of Fly Ash according to ASTM C618 standard

CLASS
N Materials that require calcination to develop satisfactory properties Raw or calcined pozzolans, chalks, and shales, calcined or uncalcined.
F Fly ash possesses pozzolanic qualities. Combustion of anthracite or bituminous coal. [20]

C Fly ash possesses not only pozzolanic but also cementitious properties Combustion of various coal types including lignite, sub- bituminous, anthracite, and bituminous.

Note: The total calcium content in Class C fly ashes is usually higher than that in Class F fly ashes.

4425



Civil Engineering Journal Vol. 11, No. 10, October, 2025

2.2. Curing

The samples were subjected to three diverse types of curing: curing in a specialized curing pool (CP), curing by
water sprinkling (like what is done at construction sites) (CRA), and not curing (SC). For the analysis, fifteen samples
with different curing times and curing types were used: five samples cured in a curing pool, five samples cured by
sprinkling water once every 8 hours, and five samples without any curing. Additionally, six extra samples were
compressed over 28 days, resulting in a total of twenty-four samples. These samples underwent periodic compression
tests at 3, 7, 14, 21, and 28 days.

During the curing phase, the ambient temperature and humidity were continuously monitored with a digital therm
hygrometer located in the laboratories of Indoamérica University. The cylindrical CRA and SC samples were stored at
an average temperature of 21 = 2 °C and a relative humidity of 65 &+ 5%. For the CRA samples, water was applied every
8 hours, with a volume of 750 mL per cylinder used in each spray.

2.3. Concrete Resistance

The compression test of the concrete samples allows for the evaluation of the mechanical strength of the material
under axial loading [21]. To characterize the mechanical performance of concrete, deformation data were collected from
each sample [22].

2.4. Elasticity Modulus (Static)

The second part of the study is based on obtaining the modulus of elasticity determined from the stress—strain curve
of the mixture containing volcanic ash and cured for 28 days [23], as explained in ASTM C469 [24]. The tangent
modulus is calculated from the stress—strain curve, and on the basis of the experimental data, a formula is proposed and
compared with the expressions stated in the local regulations and ACI 3-18 [25, 26]. For this calculation, the method
described in ASTM C469 was used, where the modulus of elasticity was calculated as [27]:

_ 02-01

" £,-0.000050 @

The elasticity modulus, denoted as E, is determined via specific stress and strain values. o2 represents the stress
corresponding to 40% of the ultimate load, whereas o1 corresponds to the stress at a longitudinal strain of fifty
microstrains. The longitudinal strain produced by the stress 62 is represented as €2 [25, 26].

The Equation given by the ACI for determining the static elasticity modulus calculated according to the compressive
strength of normal-weight concrete in MPa is as follows [28]:

E = 4700 x \/f/ ()
For lightweight concrete:
E = wc'5 x 0.043 x \/f! 3)
where E is the elasticity modulus (s) and wc = the density of the concrete [29].

In the third phase of the study, the chemical and mechanical attributes of the volcanic ash used as a supplementary
cementitious material (SCM) were characterized, along with its potential behavior as a fine aggregate. The ash, sourced
from the province of Tungurahua, exhibited fine granulometry, a porous texture, and a silica-rich composition—
characteristics that give it a certain pozzolanic potential [30]. Under controlled curing conditions, 51.3% cement
replacement with ash resulted in a compressive strength of up to 28.05 MPa, meeting conventional structural
requirements. This difference suggests a dual role of the ash within the mixture: while it contributes to the mechanical
strength, its physical behavior reduces the structural stiffness of the concrete.

3. Results

3.1. Average Density of the Samples

The pressure method of ASTM C231 was employed to determine the air content [31]. The air content in the mixture
was 2.4%, and the applied dosage was used. After the samples were prepared, their weights were recorded before being
subjected to axial loading in the compression machine, with an average weight of 9.71 kg. The average density of the
samples is 1831.58 kg/m*

3.2. Evolution of the Compressive Strength Over Time

Although fly ash demonstrates compressive behavior superior to that of volcanic ash, a reduction in the cement
content inevitably results in a decrease in the compressive strength [32]. Furthermore, as the replacement level of fly
ash increases, the strength development of the material tends to diminish. Consequently, compared with conventional
concrete, volcanic ash concrete has an even lower compressive response [33].
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The cylinders made with a 51.3% replacement of cement with raw volcanic ash achieved compressive strengths of
up to 28.05 MPa at 28 days, meeting the minimum structural design requirements for conventional concrete (see Figure
3). During the early ages (3—14 days), a slower strength development was observed, especially in the samples without
curing, where the increase practically stabilized after 14 days. This behavior aligns with reports by Oner et al. (2005)
[7] and Nayak et al. (2022) [9], who indicate that uncooked natural pozzolans show limited initial reactivity, acting
partly as fine aggregates until the pozzolanic reactions progress.

The samples with pooled curing (PC) had the greatest strength growth, highlighting the importance of maintaining
continuous hydration conditions to activate the ash—calcium hydroxide (Ca(OH),) reaction. In contrast, the samples
without curing (NC) reached only approximately 70% of the maximum strength achieved by the PC group, confirming
that the volcanic ash matrix is more sensitive to moisture loss than ordinary concrete is. This finding aligns with the
observations of Mohamad et al. (2020) [30], who reported that the microstructure of concrete with natural ash is more
porous and requires greater water retention to develop stable hydration products. Once the samples were prepared, their
compressive strength was recorded periodically for three samples for each curing method [34].

Evolution of compressive strength by curing type 5

20 .

=
st —— A
2
©
[£3
10 b
5 - 4
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=== Cured with irrigation
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1 1 1 1 1
0 5 10 15 20 25

Days
Figure 3. Compression resistance (MPa) vs. time (s)

The failure patterns exhibited by the cylindrical samples correspond to types 1, 2, 3 and 6, according to the
classification established in the ASTM C39 standard. Among the samples cured in a pool (CP), the type 1 pattern
(compression cone) predominated, characterized by the formation of a defined cone at the ends of the cylinder. This
type of failure indicates that the load was distributed relatively evenly across the cross-section. The samples subjected
to spray curing (CRA) exhibited failures of types 2 and 3, indicating a slightly more heterogeneous response in the
compressed zone (see Figure 4).

e R,

Figure 4. Compression test failure patterns of the concrete samples
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3.3. Elasticity Modulus

In “Volcanic Ash as a Sustainable Binder Material: An Extensive Review” [35], it is explicitly reported that the
elastic modulus of volcanic ash concrete is markedly lower than that of unmodified cementitious concrete. The
mechanical characterization indicates an elastic modulus of 43.5 GPa for conventional concrete, whereas it is 10.67 GPa
for volcanic ash concrete, corresponding to a reduction factor of approximately 4.06. This finding indicates substantial
stiffness degradation associated with the incorporation of volcanic ash. Moreover, the analysis highlights the reduced
density of cylindrical samples containing volcanic ash, which aligns with the theoretical predictions derived from the
proposed equation in the referenced study, as discussed below.

Twenty-eight days after specimen preparation, the following curves illustrating the stress and strain behavior were
obtained (Figure 5):

Stress-Strain

I I I I
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Strain

Figure 3. Representative stress—strain curves

In this study, an evaluation of the static elasticity modulus of the concrete was performed on the basis of the
experimentally obtained stress—strain curves via two commonly accepted methods: the one provided by ASTM C469,
detailed below, and the tangent modulus. This value represents the average stiffness of the material up to the point of
maximum recorded strain. On the other hand, the initial tangent modulus is obtained as the slope between the first two
points of the curve, reflecting the stiffness of the concrete during the initial stages of loading when its behavior is linear
(Figure 6).

Stress-Strain

Uncured
Cured in pool
Cured with irrigation

Stress (MPa)

o b

Strain %10

Figure 4. Characteristic elastic zone
By calculating the static elasticity modulus in accordance with ASTM C469 and the tangent modulus, the following

results were obtained. The curing of the samples in the curing pools is defined as CP, the curing by water sprinkling is
defined as CRA, and the curing of the samples without any curing is defined as SC (see Figure 7).
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Static Elasticity Modulus of Specimens
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Figure 5. Static elasticity modulus of the samples

The values obtained from ASTM C469 do not differ significantly from those calculated via the tangent modulus
method. However, when the empirical formula provided by ACI 318 is used as a valid approximation based on
compressive strength, the results differ notably. The average density of the samples is shown in the Figure 8.
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Figure 6. ACI (Elasticity Modulus as a function of f'c)

By obtaining compressive strength data covering a range from 14.5 to 28 MPa, modulus of elasticity (E) values
between 17.9 and 24.9 GPa are calculated, which overestimate the experimental results for this type of material by 2.5-
-4 times (Figure 9).

Static Elasticity Modulus of Specimens
30
= ASTM C 469 CP
25 ¥ Tangent M. CP
20 BE ACICP
s B ASTM C 469 CRA
¥ Tangent M. CRA
10 BE ACICRA
5 = ASTM C 469 SC
0  Tangent M. SC

Figure 7. Static elasticity moduli of the samples, including the ACI equation results
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When the elastic modulus is plotted as a function of the concrete compressive strength and compared with the
experimental results, a notable difference is observed (Figure 10).
4

35510

Lightweight concrete
Normal concrete
3 Experimental Data

Elasticity Modulus (MPa)

0.5

L
0 5 10 15 20 25 30 35 40 45 50

f'c (MPa)

Figure 8. ACI elasticity modulus - experimental results

The static modulus of elasticity, measured at 28 days according to ASTM C469, had an average value of 7.06 GPa,
which was significantly lower than the value of 24.89 GPa estimated via the empirical expressions of ACI 318 for the
same compressive strength. This difference between 250% and 400% highlights that the conventional relationship
between f’c and E is not valid for mixes with a high content of raw ash. Noguchi et al. (2009) [12] reported that concrete
with unconventional aggregates or low-density matrices may exhibit much lower stiffness for the same compressive
strength, a phenomenon that is experimentally confirmed here.

The reduction in the modulus can be attributed to two main factors: (i) the low density and high porosity of the
volcanic ash used, which reduces the stiffness of the interfacial transition zone (ITZ), and (ii) the ash fraction, which,
owing to its granulometry, behaves more like a fine aggregate than a cementing material at early ages. The granulometric
analysis revealed that 100% of the ash passed through the No. 16 sieve (1.18 mm), but only 3.6% passed through the
No. 200 sieve (0.075 mm), confirming that a sizable portion behaves physically as a filler rather than undergoing an
immediate chemical reaction.

The empirical mathematical model, considering that it is a lightweight matrix, is expressed as follows:

Empirical Modulus Model for Volcanic Ash Concrete (VAM Model):
E = wc'* x0.03x./f/ 4)

The model, called the VAM (Volcanic Ash Modulus) model, was calibrated on the basis of actual laboratory values
and showed a nonlinear trend with respect to compressive strength. The model predicts values significantly lower than
those estimated by the traditional ACI 318 expressions, with a closer correlation to the measured results, especially
within the strength range of 14.5-28 MPa. A fitted curve was obtained that reduces the modulus estimation error by
more than 80%, validating its applicability for concrete with a high volcanic ash content. Noticing a significant
difference from the equation given by ACI 318, an empirical model is proposed on the basis of the experimental data
obtained (Figure 11).

Given the evident overestimation of the modulus by ACI 318, an alternative model called the VAM (Volcanic
Ash Modulus) was proposed, which was calibrated with experimental values. This model reduced the prediction
error by more than 80%, achieving a closer correlation between strength and stiffness for mixtures with a high
content of raw ash. This adjustment is crucial in seismic zones such as Ecuador, where the modulus of elasticity
directly influences the overall stiffness of the structure and, therefore, the vibration periods and seismic design
forces.
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Figure 9. ACI elasticity modulus - VAM model

The study “Comportamiento del concreto ante la fibra y ceniza volcanica ”’[36] clearly revealed a reduction in the
elastic modulus when recycled aggregates such as volcanic ash were incorporated, thereby corroborating the results
reported in the referenced article. Taken together with the findings of Andrés Jativa and the present investigation, these
works stand in contrast to the assertions of Hussein M., suggesting a divergent perspective in the literature. These
discrepancies reinforce the notion that comprehensive laboratory testing is indispensable for establishing a more
consistent understanding of the mechanical response of volcanic ash concrete.

3.4. Properties of the Volcanic Ash

Main Components ldentified

Two X-ray analysis techniques, fluorescence and diffraction, were used, and it was determined that the volcanic ash
used in this study was composed of aluminates and silicates. In its reaction with calcium oxide (Ca0O), it helps to maintain
the strength of the concrete.

Reactivity and Cementitious Behavior

Volcanic ash by itself cannot form a cementitious paste independently. When combined with calcium hydroxide
(Ca(OH):), which is a product of cement hydration, its pozzolanic potential is activated, promoting the development of
mechanical strength in the material [18, 37].

Chemical Composition

In terms of its chemical composition, the ash analyzed comes from a volcano in the Andes Mountain range and
therefore presents high contents of calcium oxide (Ca0O), silicon dioxide (SiO;), and aluminum oxide (Al,O3). In smaller
proportions, it contains magnesium oxide (MgO), sodium oxide (Na,0), and titanium dioxide (TiO;) [38, 39].

Mineralogical Phase and Crystal Structure

In the crystalline phase, the following minerals were identified: plagioclases, pyroxenes, olivine, magnetite, and a
significant fraction of amorphous material. Andesine was the main constituent of the samples, followed by enstatite,
pigeonite, and, in smaller proportions, albite.

Structural Nature of the Minerals

The minerals andesine and albite belong to the tectosilicate group (plagioclases), characterized by strong and stable
structures due to the orderly arrangement of their tetrahedra at elevated temperatures. Enstatite and pigeonite are
inosilicates from the pyroxene group, featuring single-chain structures with a stable, refractory nature.

These results are consistent with those of previous studies on volcanic ash [8, 40].
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4. Discussion of Findings

When analyzing the results, it is evident that samples cured in a curing pool show a considerable increase in
compressive strength, with the strength continuing to improve even at 28 days. This contrasts with the results of the
samples cured only by water sprinkling and those without any curing, which exhibit similar compressive strength values,
with a slightly greater strength in the water-sprinkled samples. However, in both cases, the strength reaches its limit of
approximately 14 days, after which no significant increase occurs. Although this study focused primarily on mechanical
behavior, particularly compressive strength and static modulus of elasticity, the observed reduction in stiffness and
sensitivity to curing conditions suggest an internal microstructure that may also affect durability-related properties.
While no standardized permeability, water absorption, or shrinkage tests were conducted, the high cement replacement
ratio and the lower elastic modulus are consistent with a more porous and less cohesive matrix. Similar findings have
been reported in previous studies using volcanic ash from Tungurahua, where increased capillary absorption and drying
shrinkage were observed compared with those of conventional concrete. In this work, indirect indicators—such as
density values and moisture loss patterns—suggest similar tendencies. Further testing of these properties is
recommended as part of future research.

In the cylinders with no curing (SC), the type 3 curing pattern was observed, and in several cases, the type 6 pattern
was characterized by longitudinal cracks running through much of the cylinder’s height. This pattern may be associated
with either an internally nonhomogeneous stress distribution or variations in the alignment or rigidity of the loading
ends. In this study, the specimens with type 6 failure did not exhibit detachment of the nonadhered caps or visible
deformation of the compression plates, so this phenomenon cannot be attributed solely to an issue with the nonadhered
caps but also to the internal configuration of the material itself.

For samples without curing, a characteristic axial stress is maintained at a certain strain level, suggesting that
after reaching approximately 85% compressive strength, the internal matrix no longer behaves as a cohesive and
monolithic system. The lack of adequate curing prevents optimal hydration development, resulting in an internal
structure with higher porosity and susceptibility to microcracking. Consequently, the ability to redistribute stresses
is compromised, causing remarkably high strain values beyond the peak strength without a corresponding increase
in stress.

The application of the VAM model highlights the limitations of traditional empirical models such as ACI 318 when
applied to concrete with unconventional supplementary cementitious materials. The considerable overestimation of the
elastic modulus by ACI (up to four times greater than the experimental values) suggests that the inclusion of volcanic
ash—especially raw, noncalcined ash at high replacement percentages—significantly alters the stiffness—strength
relationship. This may be attributed to the higher porosity, lower density, and incomplete hydration of the material
within the first 28 days. The VAM model accounts for these conditions, providing a more accurate prediction of the
material’s actual stiffness, which is critical in seismic regions such as Ecuador, where the elastic modulus directly
influences structural design. Additionally, although developed for academic purposes, the VAM model addresses real
needs in Ecuador, where raw volcanic ash is widely used without regulation. Given the importance of accurate stiffness
estimation in seismic design, this model could serve as a basis for future validation studies and, eventually, support the
adaptation of national building codes.

The results indicate that raw volcanic ash does not act solely as a supplementary cementitious material during the
first 28 days of curing. Although it possesses pozzolanic potential, its reaction appears insufficiently active within this
period, hindering the full development of hydration products that contribute to material stiffness. Part of the ash behaves
more like a low-density, highly porous fine aggregate, affecting the internal structure of the concrete and reducing the
elastic modulus even while maintaining compressive strength. This functional transition, between a cementitious and
inert role, strongly depends on the curing method applied. Continuous immersion promotes greater hydration and better
matrix—ash integration, whereas intermittent or absent curing limits this interaction. Although the ash used has potential
as a pozzolanic material, its contribution at early ages appears insufficient. The simulated strength activity index (SAI)
values, which are based on experimental compressive strength data, indicate values below the 75% threshold set by
ASTM C618 at 28 days. Specifically, an SAI of approximately 71.1% suggests that the volcanic ash behaves more as a
fine aggregate than as a reactive cementitious material within this curing period. This aligns with previous findings on
natural pozzolans with limited short-term reactivity.

These findings emphasize the need to consider volcanic ash not only as a chemical reactive but also as a
physical component of the granular skeleton of concrete. Future research should include microstructural and
supplementary pozzolanic reactivity tests to quantify the degree of functional transition of ash depending on the
curing time [41].
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5. Conclusion

The integration of volcanic ash as a partial replacement for more than half of the cement demonstrated that it is
possible to achieve compressive strengths suitable for structural applications even under variable curing conditions.
However, the experimental results revealed a significant discrepancy between the measured static modulus of elasticity
and the values estimated via empirical models such as those referenced in the Ecuadorian construction code and ACI
318. This finding highlights the limitations of applying standard correlations between the modulus of elasticity and
compressive strength in concretes incorporating unconventional supplementary cementitious materials. To address this,
an alternative empirical equation (VAM) was developed on the basis of the experimental data, providing a more accurate
fit and reducing prediction errors by more than 80% compared with traditional formulas. This model offers a useful tool
for estimating stiffness in mixtures with high volcanic ash content.

The study also identified a dual role of volcanic ash: beyond its pozzolanic reactivity, a significant portion of the
material behaves as a low-density fine aggregate owing to its particle size distribution and porosity. This dual behavior
directly influences the elastic properties of the mixture and explains the observed sensitivity of the mechanical
performance to the curing method. Continuous immersion promoted better integration of the ash within the matrix,
whereas intermittent or absent curing limited stiffness development despite maintaining compressive strength.

These results underscore the need for specific curing protocols and microstructural analyses to characterize the
performance of volcanic ash fully and optimize its use. Future research should expand the validation of the VAM model
to a broader range of mixes and field applications, supporting its potential adaptation to local construction codes in
Ecuador, where volcanic ash-based concretes are commonly used in seismic regions.

6. Declarations
6.1. Author Contributions

Conceptualization, C.P.A.; methodology, D.A.C.; software, C.P.A. and D.A.C.; validation A.A.C.; formal analysis,
A.A.C.; investigation, C.P.A. and D.A.C.; resources, D.A.C.; data curation, C.P.A. and D.A.C.; writing—original draft
preparation, C.P.A. and D.A.C.; writing—review and editing, A.A.C.; visualization, A.A.C. and D.A.C.; supervision,
A.A.C.; project administration, A.A.C.; funding acquisition, C.P.A. and A.A.C. All authors have read and agreed to the
published version of the manuscript.

6.2. Data Availability Statement

The data presented in this study are available on request from the corresponding author.

6.3. Funding

The authors received no financial support for the research, authorship, and/or publication of this article.

6.4. Conflicts of Interest

The authors declare no conflict of interest.

7. References

[1] Yip, C. L., Mohamad, H. M., & Ahmad, H. (2023). Fracture Energy Measurement in Different Concrete Grades. International
Journal of Integrated Engineering, 15(2), 143—-150. doi:10.30880/ijie.2023.15.02.014.

[2] Gagg, C. R. (2014). Cement and concrete as an engineering material: An historic appraisal and case study analysis. Engineering
Failure Analysis, 40, 114-140. doi:10.1016/j.engfailanal.2014.02.004.

[3] Bedoya, C., & Dzul, L. (2015). Concrete with recycled aggregates as an urban sustainability project. Revista Ingenieria de
Construccion, 30(2), 99-108. doi:10.4067/s0718-50732015000200002. (In Spanish).

[4] INEC. (2020). Encuesta Nacional de Edificaciones. Available online: https://www.ecuadorencifras.gob.ec/documentos/web-
inec/Estadisticas_Economicas/Encuesta_Edificaciones/2020/2.%202020 ENED _Principales_resultados.pdf (accessed on September
2025). (In Spanish).

[5] Inel, M., Senel, S. M., & Un, H. (2008). Experimental evaluation of concrete strength in existing buildings. Magazine of Concrete
Research, 60(4), 279-289. doi:10.1680/macr.2007.00091.

[6] Hasan, M. S., Karmokar, J., & Mahmood, S. M. F. (2024). Strength and Workability of Concrete Incorporating Volcanic Ash as
a Partial Replacement for Cement. Proceedings of the 2nd International Conference on Advances in Civil Infrastructure and
Construction Materials (CICM 2023), Volume 2, CICM 2023, Lecture Notes in Civil Engineering, 512, Springer, Cham,
Switzerland. doi:10.1007/978-3-031-63280-8 26.

4433



Civil Engineering Journal Vol. 11, No. 10, October, 2025

[7] Oner, A., Akyuz, S., & Yildiz, R. (2005). An experimental study on strength development of concrete containing fly ash and
optimum usage of fly ash in concrete. Cement and Concrete Research, 35(6), 1165-1171. doi:10.1016/j.cemconres.2004.09.031.

[8] Suarez Avila, A. E., & Urgilés Cabrera, M. P. (2010). Characterization of Tungurahua volcanic ash for the manufacture of a Cal-
pozzolan binder. Ph.D. Thesis, Universidad de Cuenca, Cuenca, Ecuador. Available online:
https://dspace.ucuenca.edu.ec/bitstreams/07ac6396-4967-484f-a1€9-794¢9923450d/download (accessed on September 2025).

[9] Nayak, D. K., Abhilash, P. P., Singh, R., Kumar, R., & Kumar, V. (2022). Fly ash for sustainable construction: A review of fly
ash concrete and its beneficial use case studies. Cleaner Materials, 6, 100143. doi:10.1016/j.clema.2022.100143.

[10] Volz, J. S., Khayat, K. H., Arezoumandi, M., Drury, J., Sadati, S., Smith, A., & Steele, A. (2014). Recycled concrete aggregate
(RCA) for infrastructure elements. No. NUTC R312, Center for Transportation Infrastructure and Safety, Missouri University
of Science and Technology, Rolla, United States.

[11] Al-Gburi, S. N. A. (2018). A new approach for nondestructive determination of concrete compressive strength by using radial
basis function network. Master Thesis, Near East Univ., Near East University, Ortakdy, Nicosia.

[12] Noguchi, T., Tomosawa, F., Nemati, K. M., Chiaia, B. M., & Fantilli, A. P. (2009). A practical equation for elastic modulus of
concrete. ACI Structural Journal, 106(5), 690. doi:10.14359/51663109.

[13] Canamar Potosi, A. D., & Suarez Merejildo, A. G. (2025). Study on the effects of captive columns in reinforced concrete
structures evaluated through seismic performance. Universidad Estatal Peninsula de Santa Elena, La Libertad, Ecuador. (In
Spanish).

[14] Fantilli, A. P., & Jozwiak-Niedzwiedzka, D. (2021). Special Issue: Supplementary Cementitious Materials in Concrete, Part I.
Materials, 14(9), 2291. doi:10.3390/ma14092291.

[15] Siddique, R. (2012). Properties of concrete made with volcanic ash. Resources, Conservation and Recycling, 66, 40—44.
doi:10.1016/j.resconrec.2012.06.010.

[16] Ekaputri, J. J., Baihaqi, A., & Aji, P. (2011). Mechanical properties of volcanic ash based concrete. Proceedings of International
Seminar on Applied Technology, Science, and Arts, 6 December, 2011, Surabaya, Indonesia.

[17] Hossain, K. M. A., & Lachemi, M. (2007). Strength, durability and micro-structural aspects of high performance volcanic ash
concrete. Cement and Concrete Research, 37(5), 759-766. doi:10.1016/j.cemconres.2007.02.014.

[18] Lemougna, P. N., Wang, K. tuo, Tang, Q., Nzeukou, A. N., Billong, N., Melo, U. C., & Cui, X. min. (2018). Review on the use
of volcanic ashes for engineering applications. Resources, Conservation and Recycling, 137, 177-190.
doi:10.1016/j.resconrec.2018.05.031.

[19] Presa, L. (2024). Sustainable cements and concretes made from uncalcined natural materials as a supplementary cementitious
material. E.T.S.I. de Minas y Energia (UPM), Madrid, Spain. doi:10.20868/UPM.thesis.83316.

[20] ASTM C618-22. (2023). Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use. ASTM
International, Pennsylvania, United States. doi10.1520/C0618-22 .

[21] Guerrero, K. L. H., Villalobo, M. A., Cienfuegos, W. A., Goémez, A., Muentes, J. L., Buelvas, V. D., & Salinas, S. V. (2018).
Elasticity Module Resistance to Concrete Compression. Universidad Tecnoldgica de Bolivar, Cartagena, Colombia. (In
Spanish). doi:10.13140/RG.2.2.17351.55207.

[22] Ishaq, M. B., Mohammed, A. S., & Mohammed, A. A. (2025). Chemical characterization and performance optimization of waste
glass-modified concrete for sustainable construction. Sustainable Chemistry and Pharmacy, 44, 101968.
doi:10.1016/j.scp.2025.101968.

[23] Ravindrarajah, R. S., Loo, Y. H., & Tam, C. T. (1987). Recycled concrete as fine and coarse aggregates in concrete. Magazine
of Concrete Research, 39(141), 214-220. doi:10.1680/macr.1987.39.141.214.

[24] Odeyemi, S. O., Omoniyi, A. O., Adisa, M. O., Abdulwahab, R., & Akinpelu, M. A. (2024). Response Surface Optimization of
Rice and Guinea Corn Husk Ash Blended Concrete. International Journal of Engineering Research in Africa, 68, 31-49.
doi:10.4028/p-Tu7AtX.

[25] ASTM C496-02. (2017). Standard Test Method for Static Modulus of Elasticity and Poisson's Ratio of Concrete in Compression.
ASTM International, Pennsylvania, United States. doi:10.1520/C0469-02.

[26] ACI 318-19. (2019). Building Code Requirements for Structural Concrete (ACI 318-19) and Commentary (ACI 318R-19).
American Concrete Institute (ACI), Farmington Hills, United States. doi:10.14359/51716937.

[27] Buschow, K. H. J., Cahn, R. W., Flemings, M. C., llschner, B., Kramer, E. J., Mahajan, S., & Veyssicre, P. (Eds.). (2001).
Encyclopedia of materials: Science and technology (1st ed.). Pergamon, ScienceDirect, Amsterdam, Netherlands.

4434


https://dspace.ucuenca.edu.ec/bitstreams/07ac6396-4967-484f-a1e9-794c9923450d/download

Civil Engineering Journal Vol. 11, No. 10, October, 2025

[28] Kuder, K., Lehman, D., Berman, J., Hannesson, G., & Shogren, R. (2012). Mechanical properties of self-consolidating concrete
blended with high volumes of fly ash and slag. Construction and Building Materials, 34, 285-295.
doi:10.1016/j.conbuildmat.2012.02.034.

[29] Aditto, F. S., Sobuz, M. H. R., Saha, A., Jabin, J. A., Kabbo, M. K. 1., Hasan, N. M. S., & Islam, S. (2023). Fresh, mechanical
and microstructural behaviour of high-strength self-compacting concrete using supplementary cementitious materials. Case
Studies in Construction Materials, 19, 2395. doi:10.1016/j.cscm.2023.e02395.

[30] Mohamad, S. A., Al-Hamd, R. K. S., & Khaled, T. T. (2020). Investigating the effect of elevated temperatures on the properties
of mortar produced with volcanic ash. Innovative Infrastructure Solutions, 5(1), 25. doi:10.1007/s41062-020-0274-4.

[31] ASTM C231-09a. (2010). Standard Test Method for Air Content of Freshly Mixed Concrete by the Pressure Method. ASTM
International, Pennsylvania, United States. doi:10.1520/C0231-09A.

[32] Salama, T. (2024). Experimental testing of concrete mixes using volcanic ash for bridge construction. Green Buildings and
Materials, 2(1). doi:10.58396/gbm020103.

[33] Chakraborty, J., & Banerjee, S. (2016). Replacement of Cement by Fly Ash in Concrete. International Journal of Civil
Engineering, 3(8), 58—60. doi:10.14445/23488352/ijce-v3i8p110.

[34] Rosa, M. A., Stanton, J. F., & Eberhard, M. O. (2007). Improving predictions for camber in precast, prestressed concrete bridge
girders. No. WA-RD 669.1, Washington State Transportation Center, Federal Highway Administration, Washington, United
States.

[35] Jativa, A., Ruales, E., & Etxeberria, M. (2021). Volcanic Ash as a Sustainable Binder Material: An Extensive Review. Materials,
14(5), 1302. d0i:10.3390/ma14051302.

[36] Barrientos-Monsalve, E. J. (2020). Behavior of concrete in the presence of fiber and volcanic ash. Mundo FESC, 10(19), 202—
214. doi:10.61799/2216-0388.726.

[37] Alghazali, H. H. (2018). Behavior and temporal-based effects of sustainable self-consolidating concrete in bridge structures.
Ph.D. Thesis, Missouri University of Science and Technology, Rolla, United States.

[38] Niu, R., Hu, J., Liu, J., Zhang, W, Liu, J., Liu, G., & Xing, F. (2025). Controlled release fertilizer eco-concrete: Utilization of
solid waste for the sustainable cleaner products conducive to ecological construction. Construction and Building Materials, 463,
140017. doi:10.1016/j.conbuildmat.2025.140017.

[39] Sulyanova, E. A., Karimov, D. N., & Sobolev, B. P. (2021). Displacements in the Cationic Motif of Nonstoichiometric Fluorite
Phases Bai—xRxF2+x as a Result of the Formation of {Bas[RcFes-c9]} Clusters: III. Defect Cluster Structure of the
Nonstoichiometric Phase BaoeoLao3iF231 and Its Dependence on Heat Treatment. Crystals, 11(4), 447.
doi:10.3390/cryst1 1040447.

[40] Galeas Arias, E. D., & Guzman Chavez, F. A. (2020). Proposal for concrete dosage replacing cement in different weight
percentages with volcanic ash from Tungurahua; identifying the influence of using the fine, coarse and complete fraction.
Bachelor Thesis, Escuela Politécnica Nacional, Quito, Ecuador. (In Spanish).

[41] Amziane, S., Merta, 1., & Page, J. (2023). Bio-Based Building Materials: Proceedings of ICBBM 2023. Springer Nature, Cham,
Switzerland. doi:10.1007/978-3-031-33465-8.

4435





