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Abstract This study investigates the utilization of
ultrafine Rice Husk Ash (RHA) as a partial replacement for
cement in concrete to enhance its properties and
sustainability. The effects of ultrafine RHA on fresh and
hardened concrete properties and the microstructure of the
resulting binary mixtures were examined. Test results
indicate that the incorporation of ultrafine RHA
considerably decreases the slump of concrete mixtures.
Mixture having 15% replacement of cement with ultrafine
RHA shows a 43% increase in compressive strength at 90
days of concrete age. Furthermore, at the same replacement
level, a 31% reduction in moisture sorption, a 27%
reduction in drying shrinkage, and a 23% reduction in mass
loss due to abrasion are recorded. Acid resistance tests
show that the mix with 15% ultrafine RHA loses only 12%
of its compression strength after exposure to H,SO, at 56
days of age, in comparison to the 29% loss in the control
mix. SEM, EDX, and XRD analyses confirm a denser
microstructure, increased silica content, and enhanced
pozzolanic activity in ultrafine RHA-modified mixes.
These findings suggest that ultrafine RHA is a viable
supplementary cementitious material, offering significant
environmental and performance benefits to the resulting
concrete mixtures.

Keywords Rice Husk Ash, Concrete Durability,

Pozzolanic Reaction, Compressive Strength, Sustainable
Construction

1. Introduction

The durability of hardened concrete is as critical as its
strength in ensuring the prolonged service life of built
infrastructure. Key durability attributes of concrete include
its moisture barrier characteristics, reduced drying
shrinkage, acid resistance, and enhanced abrasion
resistance [1, 2]. Among these, resistance to moisture
transport is particularly crucial, as it directly affects the
drying shrinkage of concrete, which in turn is governed by
the microstructure of the material [3, 4]. Concrete mixtures
characterized by a dense microstructure and reduced
porosity exhibit superior resistance to dimensional changes,
specifically drying shrinkage. This is because such
mixtures hinder moisture transport more effectively.
Structural members in buildings, which are typically
restrained at their joints with other members, are not free to
expand or contract. Consequently, excessive dimensional
changes can lead to cracking in these members [5-7].
Therefore, minimizing the drying shrinkage of concrete is
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of paramount importance for enhancing the durability and
extending the service life of the structures it composes. The
moisture barrier characteristics of concrete also play a
significant role in its overall durability, as many
deterioration processes are initiated by the ingress of
harmful ions, which use water as a vehicle to penetrate the
concrete matrix [8, 9]. To mitigate this, it is essential to
perform pore filling and pore refinement within the
microstructure  of cementitious materials, thereby
improving their water barrier properties [10, 11].

Various factors influence the microstructural properties
of concrete, such as the water-to-cement ratio, the use of
supplementary cementitious materials (SCMs), and the
type of aggregate used [12, 13]. A lower water-to-cement
ratio generally leads to a denser microstructure with
reduced porosity, which enhances the moisture barrier
characteristics of the concrete. SCMs, such as fly ash, silica
fume, and slag, contribute to the refinement of the pore
structure by filling voids and producing additional
cementitious compounds through pozzolanic reactions [14,
15]. The use of pozzolanic materials, whether derived from
industrial byproducts or agricultural wastes, significantly
enhances the impermeability of concrete. This
improvement is achieved through the production of
additional solid-phase products that contribute to the
pore-filling effect in the microstructure of concrete,
thereby improving the moisture transport characteristics of
the resulting mixtures [16, 17]. Moreover, the
incorporation of these materials as partial replacements for
cement in concrete has been observed to substantially
enhance the strength and durability attributes of the
resulting concrete mixtures [8, 9].

Cement production, the primary component of concrete,
is inherently environmentally polluting, with every ton of
OPC development resulting in approximately 0.9 tonnes of
CO; emissions into the atmosphere [18, 19]. Additionally,
cement production is an energy-intensive process [15, 16].
This situation necessitates urgent attention to mitigate the
adverse environmental impacts of cement production [20,
21]. Agricultural wastes, which are predominantly
biodegradable, can be beneficially utilized in concrete once
they are burnt under controlled temperatures and
pulverized to fine particle sizes. The incinerated residue of
most agricultural wastes is rich in free silica and alumina,
making it suitable for use in concrete to produce binary
concrete mixtures. The literature documents the addition of
various processed agriculture discarded materials as
fractional replacements for OPC, resulting in the
production of environmentally friendly and durable
concrete mixtures [22, 23]. Previous research has reported
significant energy and environmental benefits, in addition
to enhanced strength and durability, from the use of various
agricultural byproducts as partial replacements for cement
in concrete [24, 25]. These findings underscore the
potential of agricultural wastes to not only contribute to
sustainable construction practices but also to enhance the
properties of concrete.

The annual global rice production, which has reached
742 million metric tons, generates approximately 148
million metric tons of rice husk [26]. The disposal of rice
husks is typically managed in environmentally harmful
ways, such as dumping them in open areas, which not only
occupies land but also disrupts the ecosystem. Additionally,
burning rice husks in open areas contaminates groundwater
and contributes to environmental degradation [20]. The
regional production of rice husk reflects the global
significance of this agricultural byproduct. In the United
States, rice production in 2022 was approximately 7.1
million metric tons, resulting in around 1.42 million metric
tons of rice husk annually. India, as one of the largest rice
producers, generated about 130 million metric tons of rice
in 2022, translating to approximately 26 million metric
tons of rice husk. Europe, with primary producers like Italy
and Spain, had a total rice production of about 4.1 million
metric tons in 2022, producing roughly 0.82 million metric
tons of rice husk. China, the world leader in rice production,
produced about 212 million metric tons of rice in 2022,
resulting in approximately 42.4 million metric tons of rice
husk annually [27, 28].

However, suitable pretreatment, such as burning rice
husk under controlled temperatures, can convert the silica
in the husk to amorphous silica, which possesses
significant pozzolanic reactivity [29, 30]. The resulting
incinerated rice husk, known as Rice Husk Ash (RHA), is
not only chemically active but also has favorable properties
for use in concrete as a partial substitute for cement [31].
The utilization of RHA in concrete not only provides a
sustainable solution for rice husk disposal but also
enhances the durability and strength characteristics of
concrete. By integrating RHA, the construction industry
can contribute to reducing environmental impacts
associated with cement production and rice husk disposal
while promoting the development of more sustainable
building materials. The beneficial effects of incorporating
RHA in concrete mixtures include enhanced strength and
durability, as well as a reduction in drying shrinkage
compared to concrete mixtures produced solely with
cement [32, 33]. These advantages stem from the
pozzolanic reaction of RHA, which contributes to the
formation of additional cementitious compounds, thereby
refining the microstructure of concrete and improving its
performance characteristics.

The present study reports the findings of an
experimental investigation carried out on the production of
concrete by partially replacing cement with ultrafine RHA.
Ultrafine RHA, distinguished from normal RHA by its
finer particle size and higher reactivity, offers enhanced
pozzolanic properties due to its increased surface area. This
enhanced reactivity facilitates better bonding within the
concrete matrix, contributing to improved mechanical and
durability characteristics. The investigation focused on
assessing the strength and durability characteristics of the
resulting sustainable concrete mixtures through a series of
comprehensive tests. These tests included compression



Civil Engineering and Architecture 13(1): 595-611, 2025

strength, water absorption, drying shrinkage, resistance
against acid and abrasion, and Scanning Electron
Microscopy (SEM) analysis, Energy Dispersive X-ray
(EDX) analysis, and X-ray Diffraction (XRD) analysis.
When compared to conventional concrete mixtures
produced with 100% cement as the binder material, the
ultrafine RHA-blended mixtures demonstrated promising
results. The inclusion of ultrafine RHA in the concrete
mix not only provided comparable or enhanced
compressive strength but also significantly improved
durability attributes such as reduced moisture sorption,
lower drying shrinkage, enhanced abrasion resistance, and
increased acid resistance.

2. Materials and Methods

In this study, all concrete mixtures were prepared using
Ordinary Portland Cement (OPC), meeting the standards of
ASTM C150 [34]. The aggregates comprised limestone
with a maximum size of 13 mm and natural sand with a
fineness modulus of 2.45. Tap water and a superplasticizer
(SP) with a specific gravity of 1.03 were also included.
Ultrafine rice husk ash (RHA), with a specific gravity of
2.15 g/lcm3 was produced by incinerating raw rice husk
under controlled temperature conditions. Figure 1
illustrates the raw rice husk and the processed RHA
powder. The scanning electron microscope (SEM) image
(Figure 2) reveals that the ultrafine RHA particles are
irregularly shaped and display a wide range of sizes. Table
1 details the chemical composition of the OPC and
ultrafine RHA used in this study, while Table 2 provides
the physical properties of the coarse and fine aggregates.

The particle size distribution of PC and ultrafine RHA is
illustrated in Figure 3. The graph demonstrates that
ultrafine RHA particles exhibit a significantly finer
distribution compared to PC. The cumulative size
distribution curve for RHA shifts to the left, indicating a
higher proportion of smaller particles. Specifically, the
median particle size (D50) for RHA is approximately 0.4
pm, whereas for PC, it is around 2 pm. This finer particle
size of ultrafine RHA, with a substantial portion of
particles below 1 pm, contributes to its higher reactivity
and pozzolanic activity, facilitating improved bonding and
enhanced performance in concrete mixtures. The
distribution also shows that nearly 100% of RHA particles
are below 10 pm, in contrast to OPC, which has a broader
size range extending to larger particles. This finer
distribution is instrumental in achieving the enhanced
mechanical and durability properties observed in
RHA-blended concrete. Four concrete mixtures were
prepared, including a control mixture and three binary
mixtures where OPC was partially replaced with ultrafine
RHA at 5%, 10%, and 15% by weight. The control mixture
contained only OPC as the binder. The composition of the
four mixtures is detailed in Table 3.

(b)
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Figure 1. Views of: (a) Rice Husk and (b) Ultrafine Powdered RHA

Figure 2.

Program
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Table 1. Chemical composition of OPC and RHA

SEM Image of Ultrafine RHA used in the Experimental

Compound RAA ope
(% mass)
SiO, 90.66 21.52
Al,O3 0.71 5.93
CaO 0.59 62.75
Fe,03 0.19 3.89
MgO 0.55 2.2
K0 6.68 0.90
Na,O 0.04 0.18
SO; 0.58 2.63
LOI - 291
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Table 2. Physical Characteristics of Fine and Coarse Aggregates
Aggregate type Dry Loss on Fineness Bulk specific Absorption Fineness Bulk specific
density abrasion modulus gravity (%) modulus gravity
(kg/m?®) (%) (SSD)
Fine aggregates | 1620.34 - 2.45 2.59 0.91 2.45 -
Coarse 1765.56 18.87 - 2.58 2.25 - 2.69
—a—RHA
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~ 80 -
o
>
N—r
(4)) 4
N
@ 60
o -
=
d—
c_G B
=)
E 40 -
>
O 4
20 -
0 T
Particle Size (um)
Figure 3. Particle size distribution of RHA and PC
Table 3. Composition of concrete mixtures
Mix ID Fine aggregates Coarse aggregates W/C* ratio OoPC Water RHA SP
ix
(kg/m?®) (kg/m?) (kg/m?®) (kg/m?®) (kg/m3) | (ml/kg)
M1* 628.73 937.81 0.41 463.62 190.55 - 2.34
M2 628.73 937.81 0.41 430.52 190.55 33.10 2.34
M3 628.73 937.81 0.41 397.42 190.55 66.20 2.34
M4 628.73 937.81 0.41 364.32 190.55 99.30 2.34

* control mixture

# water to cementitious ratio
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All concrete mixtures were prepared using a standard
laboratory mixer to ensure uniformity. Cylinder specimens
measuring 100 mm in diameter and 200 mm in height were
cast for compressive strength and acid resistance tests.
Additionally, 50 mm thick discs, cut from the cylinder
specimens after 28 days of curing, were used for water
sorption and abrasion resistance tests. These disc
specimens were dried in an oven until a constant mass was
achieved. Then, the samples were wrapped from the top
and it sides with epoxy to facilitate a 1D sorption
phenomenon. Sorption was quantified by measuring the
variance in mass, which was then divided by the product of
the X-sectional area of the samples and the water’s density
(0.001 g/mm3, yielding results in units of length (mm).

Concrete prisms with a square cross-section of 75 mm
and a length of 286 mm were prepared according to the
procedures described in ASTM C192 [36] for the drying
shrinkage test. After an initial comparator reading at 24
hours, the specimens were cured in tap water. The drying
shrinkage tests were conducted in accordance with ASTM
C157 and ASTM C490 [37] guidelines. To assess acid
resistance, both control and binary concrete mixtures were
subjected to a 0.1 M H,SO4 solution for 56 days following
ASTM C1898 [38]. The specimens, aged 28 days, were
exposed to the acidic solution, and their loss in
compressive strength was measured at intervals of 7, 14, 28,
and 56 days. All specimens were maintained in water at a
temperature of 25 £2<C until the designated test ages. For
each concrete mixture, three specimens were prepared, and
the results represent the average of three readings. The
water sorption test involved drying the disc specimens to a
constant mass, followed by epoxy sealing to restrict
sorption to a single dimension. Sorption was then measured
by recording the mass change over time. The abrasion
resistance test utilized the same discs, subjected to
standardized abrasion testing to determine the material's
durability under wear.

For Scanning Electron Microscopy analysis, small
samples were extracted from the fractured surfaces of the
concrete cylinders after compressive strength testing.
These samples were further reduced in size to
approximately 10 mm x 10 mm x 10 mm to fit the SEM
specimen holder. The samples were then dried in an oven
at 60 <C for 24 hours to remove any residual moisture. Once
dried, the samples were mounted on aluminum stubs using
conductive carbon tape. To ensure proper imaging, the
mounted samples were sputter-coated with a thin layer of
gold-palladium alloy to improve conductivity. SEM
imaging was performed at magnifications of 100x and
1000x to observe the microstructure and identify the
distribution of hydration products, pores, and cracks.
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Energy Dispersive X-ray analysis was conducted in
conjunction with SEM. The same samples used for SEM
were analyzed for their elemental composition. EDX
spectra were collected at multiple points on each sample to
ensure a representative analysis of the material's
composition. The EDX detector was calibrated using a
standard sample, and the analysis was performed under
high vacuum conditions with an accelerating voltage of 15
kV. The elemental peaks in the EDX spectra were
identified and quantified to determine the presence and
relative abundance of elements such as calcium, silicon,
aluminum, and other trace elements.

For X-ray Diffraction analysis, powdered samples were
prepared from the concrete cylinders. Small fragments of
the concrete were ground using a mortar and pestle to
obtain a fine powder. The powder was then passed through
a 75 pm sieve to ensure uniform particle size. The
powdered samples were placed on a flat sample holder, and
a smooth surface was obtained by gently pressing the
powder with a glass slide. XRD measurements were
performed using a diffractometer with Cu-Ka radiation (A
= 1.5406 A). The scanning range was set from 10°to 80°
20 with a step size of 0.02° and a scanning speed of 1° per
minute. The diffraction patterns were analyzed to identify
the crystalline phases present in the samples. Peaks
corresponding to calcium hydroxide, calcium silicate
hydrate, silica, and other relevant phases were identified
using standard reference patterns.

3. Results and Discussion

3.1. Fresh Characteristics

Table 4 presents the fresh concrete test results of all
mixtures. It is noted that with an increase in the partial
replacement of cement with ultrafine RHA, the slump
(workability) of the mixture drops compared to the control
mixture. This trend can be explained by the ultrafine nature
of RHA, which significantly influences the properties of
fresh concrete. The tiny particles of ultrafine RHA result in
a large surface area, which increases the water demand of
the blended binder and consequently reduces the
workability (slump) of the mixture. The large surface area
necessitates more water to achieve the same level of
lubrication between particles as in a mixture without RHA.
Moreover, the lower specific gravity of ultrafine RHA
compared to cement leads to a higher number of particles
per unit mass of concrete, further increasing the water
requirement to wet the particles adequately.
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Table 4. Fresh Characteristics of Binary Concrete

Mix ID Workability (cm) Temperature (°C) Freshly mixed Unit Wt (kg/m°)
M1 8 24.0 2819
M2 7 25.0 2790
M3 5 245 2757
M4 5 24.5 2731

Additionally, the reduction in workability with increased
ultrafine RHA content can be attributed to the angular
shape of ultrafine RHA particles. These particles tend to
interlock more easily, reducing the fluidity of the mixture.
This interlocking effect, combined with the higher surface
area, results in a stiffer mixture that is less workable.
Therefore, it is essential to adjust the mix design to
maintain adequate workability for proper placement and
compaction of the concrete when using ultrafine RHA.
Table 4 also indicates that with an increase in ultrafine
RHA dosage, the fresh concrete density of the binary
concrete mixtures decreases. This trend is due to the
lightweight nature of ultrafine RHA particles compared to
the relatively heavier cement particles in the control
mixture. Consequently, the binary mixtures with higher
RHA content exhibit lower fresh concrete density in
comparison to the reference mixture [39].

The decline in density of fresh concrete with higher
ultrafine RHA content has practical implications. Lower
density can be advantageous in lowering the overall weight
of the structure, which is particularly advantageous in
load-bearing applications where weight reduction can lead
to cost savings in structural support requirements.
However, it is crucial to balance this benefit with the
potential influence on the strength characteristics of the
final concrete. Incorporating ultrafine RHA into concrete
not only addresses environmental concerns related to the
disposal of rice husks but also contributes to sustainable
construction practices by reducing the reliance on
traditional cement [35]. The observed trends in workability
and density are consistent with findings from other studies,
which have shown similar effects of pozzolanic materials
on fresh concrete properties. The enhanced sustainability
and performance characteristics of ultrafine RHA-blended
concrete underscore its potential as a viable alternative in
the construction industry.

3.2. Compressive Strength

Figure 4 presents the compression strength (CS) of all
mixes at 7, 28, and 90 days of curing. At curing of 7 days,
the reference mixture (M1) displays high CS compared to
the binary concrete mixtures (M2, M3, M4). This early-age
strength reduction in the binary mixtures is caused by the
dilution effect, wherein part of the Portland cement is
replaced with ultrafine RHA. At this early stage of

hydration, ultrafine RHA remains largely inert, much like
other supplementary cementitious materials. However, at
28 days of concrete age and beyond, the compressive
strength trends shift favorably towards the binary mixtures.
This change is primarily attributed to the pozzolanic
reaction of ultrafine RHA with the hydration products of
Portland cement, particularly calcium hydroxide. The
pozzolanic activity of ultrafine RHA converts calcium
hydroxide into calcium silicate hydrate (C-S-H), which
significantly improves the strength and stability of the
hydrated concrete mixtures [27]. This reaction not only
densifies the microstructure but also reduces the presence
of free lime, which is beneficial for the long-term
durability of the concrete.
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Compressive strength test results of control and binary

In addition to the benefits of the pozzolanic reaction, the
filler effect of ultrafine RHA also plays a crucial role in
strength enhancement. The fine and angular particles of
ultrafine RHA improve the packing density of the concrete,
filling the voids between the large size particles of cement.
This filler effect contributes to a denser matrix, reducing
the porosity and permeability of the concrete. The
improved packing density  facilitates better
particle-to-particle contact and enhances the overall
integrity of the concrete structure. The data in Figure 4
reveal that at 7 days, the M3 mixture (with 10% PC
replaced by ultrafine RHA) exhibits about 11% lower CS
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as compared to the reference mix (M1). However, at 28 and
90 days, its CS is approximately 35% and 29% higher,
respectively, compared to the control mixture. Similarly,
the M4 mixture (with 15% cement replaced by ultrafine
RHA) shows about 13% lower strength at 7 days compared
to the control mixture. Still, at 28 and 90 days, it gains
about 42% and 43% higher strength, respectively, than the
control mixture. These results highlight the significant
contribution of ultrafine RHA towards enhancing the
compressive strength of blended concrete mixtures at later
ages. The delayed strength gain can be explained by the
continuous pozzolanic activity, which progressively
refines the concrete's microstructure and enhances its
mechanical properties.

Additionally, the presence of ultrafine RHA leads to a
reduction in capillary pores, which is conducive to the
long-term strength development and durability of the
concrete. The findings align with previous research, which
also revealed that the inclusion of ultrafine RHA in
concrete mixtures results in improved compressive
strength at later ages [40-41]. This improvement is
particularly important for applications where long-term
strength and durability are critical. The use of ultrafine
RHA not only addresses environmental concerns
associated with the disposal of rice husks but also enhances
the sustainability of concrete production by reducing the
reliance on Portland cement. The scientific basis for these
observations is rooted in the chemistry of the pozzolanic
reaction and the resultant microstructural changes. The
transformation of calcium hydroxide into C-S-H leads to a
dense and cohesive matrix, which is less susceptible to
cracking and other forms of deterioration. Furthermore, the
angular and fine particles of ultrafine RHA improve the
concrete’s packing density, leading to a decline in
permeability and increased resistance to aggressive
environmental conditions.

3.3. Moisture Sorption

Figure 5 shows the 8-day cumulative moisture sorption
test results for all the mixtures. It is noted that the
incorporation of ultrafine  RHA in the mixtures
significantly improves the water tightness of the mixtures.
Table 5 presents the percenet reduction in the 8 days
cumulative moisture sorption of the modified mixtures in
comparion to that of the control mixture. With increase in
percent replacement of cement with ultrafine RHA, the
cumulative moisture sorption of the modified mixtures is
significantly reduced. The improvement in water tightness
can be attributed to the pozzolanic reaction of ultrafine
RHA with the hydrates of cement. This reaction results in
pore filling and pore refinement within the binary concrete
mixtures. The ultrafine RHA particles, due to their high
fineness and reactive silica content, interact with Ca(OH),
to produce extra C-S-H [42, 43]. This C-S-H formation
enhances the microstructure by reducing the size and
continuity of capillary pores, thereby significantly
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increasing the moisture barrier properties of the concrete.

Concrete Mixtures
1

(111 M1
[ Im2

M3

R m4

0 1 2 3 4 5
Moisture Sorption (mm)

Figure 5. Test results of 8-day cumulative moisture sorption

Table 5. Percent Reduction in Moisture Sorption

Mix ID Sorption Reduction (%0)
M1 Reference
M2 12
M3 29
M4 31

Furthermore, the reduction in moisture sorption
indicates a higher resistance to water penetration, which is
crucial for the durability of concrete exposed to aggressive
environments. Lower moisture sorption helps in mitigating
issues related to freeze-thaw cycles, chloride ingress, and
sulfate attack, thereby extending the service life of concrete
structures. In addition to the chemical interactions, the
physical characteristics of ultrafine RHA contribute to
improved moisture resistance. The angular and fine
particles of RHA enhance the packing density of the
concrete matrix, leading to a more compact structure with
fewer interconnected pores. This densification of the
microstructure further impedes the movement of water
through the concrete. The data suggests that higher
ultrafine RHA content results in more significant
reductions in moisture sorption [44, 45]. Specifically, M4,
with the highest ultrafine RHA content, shows the greatest
improvement, achieving a 31% reduction in moisture
sorption compared to the control mixture. This trend
highlights the potential of ultrafine RHA to substantially
enhance the durability characteristics of concrete when
utilized as a fractional substitution for OPC. These results
are consistent with previous studies, which have
demonstrated that the incorporation of pozzolanic
materials such as ultrafine RHA leads to enhanced
durability performance of concrete mixtures. The use of
ultrafine RHA not only improves the moisture resistance of
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concrete but also provides an environmentally friendly
solution by utilizing agricultural waste products, thereby
contributing to sustainable construction practices.

3.4. Drying Shrinkage

Shrinkage strains in concrete occur when freshly formed,
moist concrete is exposed to ambient humidity, causing it
to dry due to the differential relative humidity between the
concrete and its surrounding environment. If the structural
members made of concrete are restrained (which is usually
the case), shrinkage strain can result in cracking in these
members. The amount of drying shrinkage depends on
several factors, including the size of the concrete member,
the characteristics of the concrete constituents, and the
proportion of the mixture.

For a given water-to-cement (w/cm) ratio, an increase in
the cement content of the concrete mixture typically results
in increased drying shrinkage [43, 46] The effect of
ultrafine  RHA on the critical drying shrinkage
characteristic of the resulting concrete mixture was
observed over 10 weeks. Figure 6 presents the test results
of cumulative drying shrinkage of control and blended
concrete mixtures at the 10th week of the test age. The test
results show that the blended mixtures M2, M3 and M4
record reductions of about 15%, 16% and 27% in
cumulative drying shrinkage, respectively when contrasted
to the drying shrinkage of the reference mixture (M1). This
reduction in drying shrinkage in the ultrafine RHA-blended
mixtures is primarily attributed to the reduction in cement
content in the binary mixtures. The lower cement content
means there is less potential for shrinkage as the hydration
products of cement are a major contributor to volume
changes in concrete.

0.00

-0.01

—0.02

-0.03

-0.04

Drying Shrinkage (% change in length)

E= Ml MR M3 M4

-0.05

Mixture Types

Figure 6. Cumulative drying shrinkage of control and binary mixture
after 10-week

Furthermore, the ultrafine nature of RHA significantly
contributes to the reduction in drying shrinkage. The
incorporation of ultrafine RHA causes the production of

extra C-S-H through pozzolanic reactions, which not only
strengthens the concrete but also refines its pore structure.
This refined pore structure reduces the overall water loss
and, consequently, shrinkage [47]. Additionally, ultrafine
RHA's fine and angular particles help enhance the packing
density of the mix, which leads to a dense and stable matrix.
This densification reduces the pathways for moisture
movement, thereby decreasing the extent of drying
shrinkage. The improved microstructure due to the
presence of ultrafine RHA also means that the concrete has
better resistance to environmental conditions that typically
exacerbate shrinkage. The observed reductions in drying
shrinkage for mixtures M3 and M4 are significant as they
suggest that the use of ultrafine RHA can effectively
mitigate one of the most common issues associated with
concrete durability. By reducing shrinkage, the risk of
cracking in restrained structural members is minimized,
enhancing the long-term performance and integrity of the
concrete [48]. These findings align with previous research,
which has also reported reduced shrinkage and improved
dimensional stability in concrete mixtures incorporating
pozzolanic materials like ultrafine RHA.

3.5. Abrasion Mass Loss

Resistance of concrete to abrasive action, such as that
from vehicular traffic on pavements, bridges, and floors, is
of significant importance. The progressive loss of mass
from the concrete surface due to abrasion can significantly
shorten the service life of these structures. Figure 7
illustrates that the incorporation of ultrafine RHA results in
a considerable enhancement of abrasion resistance in the
blended concrete mixtures. At curing age of 56 days, M2,
M3 and M4 concrete mixtures exhibit 7.5%, 17% and 23%
decrease in loss of mass because of the abrasion,
respectively, in comparison to the reference mixture (M1).
This improvement in abrasion resistance is closely
associated with the compressive strength of the concrete
mixtures. As the compressive strength of the concrete
increases, so does its ability to resist surface wear and tear
caused by abrasive forces [49]. The enhancement in
abrasion resistance can be attributed to several factors
linked to the inclusion of ultrafine RHA. The pozzolanic
reaction of ultrafine RHA with calcium hydroxide
produces additional calcium silicate hydrate, which
contributes to a dense and firm microstructure. This refined
microstructure enhances the overall hardness and
durability of the concrete surface, making it more resistant
to abrasive actions. Furthermore, the angular and fine
particles of ultrafine RHA contribute to the densification of
the concrete matrix, reducing the number of weak points
that can be worn away under abrasive forces. The
improved packing density not only increases the concrete's
CS but enhances its resistance to physical degradation.
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Figure 7. Mass loss due to abrasion for control and binary mixtures

In addition to the pozzolanic reaction, the filler effect of
ultrafine RHA plays a crucial role in improving abrasion
resistance. The fine particles of ultrafine RHA fill the voids
within the concrete matrix, resulting in a denser, more
cohesive structure. This improved packing density reduces
the pathways through which abrasive forces can penetrate
and cause damage, thereby enhancing the overall durability
of the concrete. The test results follow the trend observed
in the compressive strength tests, indicating that higher
compressive strength generally correlates with better
abrasion resistance. This relationship underscores the
importance of optimizing concrete mixtures for both
strength and durability to ensure long-lasting performance
in abrasive environments. These findings are consistent
with other studies [50, 51] that have shown the beneficial
effects of incorporating supplementary cementitious
materials, such as ultrafine RHA, on the abrasion
resistance of concrete. The use of ultrafine RHA not only
improves the mechanical properties of concrete but also
provides a sustainable solution by utilizing agricultural
waste, thereby contributing to environmentally friendly
construction practices. The incorporation of ultrafine RHA
in concrete mixtures offers significant advantages in terms
of improving the durability and mechanical behavior of the
material, particularly in applications where resistance to
abrasion is crucial. The reduced abrasion mass loss
observed in the ultrafine RHA-blended mixtures highlights
the potential of ultrafine RHA as an effective
supplementary binding material for improving the
longevity and performance of concrete structures exposed
to abrasive conditions.

3.6. Acid Resistance

Figure 8 shows the test results of acid resistance of
control and binary concrete mixtures in terms of the loss in
compressive strength. It is seen that compared to the
control, the binary concrete mixtures show better
performance (less compressive strength loss) upon

exposure to H,SO4. After 28 days of exposure to acid, the
control mix (M1) loses 24.63% of its compressive strength,
while the binary mixtures M2, M3, and M4 lose 17.50%,
14.74%, and 10.6% of compressive strength, respectively.
After 56 days of exposure to H,SO. the loss in
compressive strength for M1 (control), M2, M3, and M4 is
29%, 21.59%, 17.8%, and 12%, respectively.

55 T T T T T T T T
I —4— M1l—*— M2-—4—- M3 M4

Residual Compressive Strength (MPa)

Age of Concrete (days)

Figure 8. Progressive loss in compressive strength of mixtures during
acid exposure

The blended concrete mixtures exhibit significantly less
loss in compressive strength due to aging in acid in
comparison to the control mix. This improved behavior
against acid attack, evidenced by higher residual
compressive strength, is attributed to the enhanced
moisture barrier characteristics brought about by the
ultrafine RHA. The results of the acid resistance test follow
the trend observed in the moisture sorption test, indicating
a consistent improvement in durability due to the
incorporation of ultrafine RHA. The improved acid
resistance of the binary concrete mixtures can be linked to
the cementitious behavior of ultrafine RHA with the
hydrates of binder. This reaction results in the formation of
additional C-S-H, which refines the microstructure of the
concrete, reducing its porosity and increasing its resistance
to acid attack [52, 53]. The finer and denser microstructure
impedes the ingress of aggressive agents like sulfuric acid,
thereby enhancing the durability of the concrete.

Moreover, the result suggests that the acid resistance of
the binary mixtures increases with the percentage
replacement of PC with ultrafine RHA. The M4 mixture,
with 15 wt.% replacement of PC with ultrafine RHA shows
the maximum acid resistance. This trend is consistent with
the findings of earlier researchers, who have reported
similar improvements in the acid resistance of ultrafine
RHA-blended concrete mixtures [29]. The enhanced
behavior of the ultrafine RHA-blended mixtures under
acidic conditions underscores the potential of ultrafine
RHA as an effective SCM for improving the durability of
concrete in aggressive environments. By incorporating
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ultrafine RHA, the concrete not only gains improved
resistance to acid attack but also contributes to sustainable
construction practices by utilizing agricultural waste [54].
The findings indicate that the inclusion of ultrafine RHA in
concrete mixtures could noticeably improve their
resistance to acidic environments, making them more
suitable for use in applications where exposure to acids is a
concern. This improved performance is a testament to the
beneficial effects of the pozzolanic reaction and the
resulting microstructural refinement brought about by
ultrafine RHA.

3.7. Scanning Electron Microscopic (SEM) Test

The Scanning Electron Microscopy images provide a
detailed microstructural comparison between the control
concrete mix and the concrete mix incorporating 20%
ultrafine RHA. Figures 9(a) and (b) represent the SEM
images of the control mix at 100 micrometers and 10
micrometers magnifications, respectively. Figures 9(c) and
(d) illustrate the SEM images of the concrete mix with 20%
ultrafine RHA at the same magnifications. In the SEM
images of the control mix (Figures 9a and b), the
microstructure shows a relatively heterogeneous and
porous matrix. At the 100 micrometers magnification
(Figure 9 a), large pores and cracks are evident, indicating
a less dense microstructure. These pores and voids can act
as pathways for water and other harmful substances,
potentially leading to reduced durability and increased
permeability. At the higher magnification of 10
micrometers (Figure 9b), the surface of the control mix
reveals a significant amount of unreacted or partially
hydrated cement particles. The presence of calcium
hydroxide crystals, which are typically hexagonal
plate-like structures, is noticeable. These crystals are
indicative of the primary hydration product of Portland
cement, which can be relatively weak and susceptible to
chemical attack [28, 55]. The overall microstructure
appears coarse and lacks the compactness necessary for

enhanced durability.

In contrast, the SEM images of the concrete mix with
20% ultrafine RHA (Figures 9c and d) show a markedly
different microstructure. At the 100 micrometers
magnification (Figure 9c), the ultrafine RHA-modified mix
exhibits a denser and more refined matrix. The large pores
observed in the control mix are significantly reduced,
indicating improved packing density and lower porosity.
This densification is attributed to the pozzolanic reaction
amid ultrafine RHA and Ca(OH),, resulting in the
development of extra C-S-H gel, which fills the voids and
cracks. At the higher magnification of 10 micrometers
(Figure 9d), the microstructure of the ultrafine
RHA-modified mix reveals a more uniform and compact
matrix. The presence of finely distributed C-S-H gel is
evident, contributing to the enhanced mechanical
properties and durability of the concrete. The angular
particles of ultrafine RHA appear to interlock with the
cementitious matrix, further refining the pore structure and
reducing the permeability [49, 52]. This refined
microstructure is less susceptible to the ingress of harmful
substances, thereby improving the overall resistance to
chemical attack and environmental degradation.

The SEM analysis clearly demonstrates the beneficial
effects of incorporating ultrafine RHA into the concrete
mix. The improved microstructure, characterized by
reduced porosity and enhanced densification, is a direct
result of the pozzolanic activity of ultrafine RHA. This
activity not only converts calcium hydroxide into C-S-H
but also leads to a more compact and durable concrete
matrix. The enhanced microstructural properties observed
in the ultrafine RHA-modified mix correlate well with the
improvements in mechanical properties and durability
discussed in previous sections. This detailed SEM analysis
underscores the potential of ultrafine RHA as a valuable
supplementary cementitious material for producing
high-performance concrete with superior durability
characteristics.
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Figure 9. SEM Images of Samples: (a) Control at 100 micrometers, (b) Control at 10 micrometers, (c) Sample with 20% RHA at 100 micrometers, (b)

Sample with 20% RHA at 10 micrometers

3.8. Energy Dispersive X-ray Analysis

The EDX analysis provides a detailed chemical
composition of the reference mix and the mix with 20%
ultrafine RHA. The EDX spectra for the control mix and
the ultrafine RHA-modified mix are displayed in Figures (a)
and (b), respectively, revealing significant differences in
the elemental composition and distribution between the
two samples. In the EDX spectrum of the control mix
(Figure 10a), several key peaks are prominent. The most
significant peaks correspond to oxygen (O), silicon (Si),
calcium (Ca), and aluminum (Al). These elements are
characteristic constituents of Portland cement and its
hydration products. The oxygen peak is associated with the
oxides present in the cement matrix, primarily calcium
oxide (CaO) and silicon dioxide (SiO). The high silicon
peak indicates the presence of silicates, which form the
backbone of C-S-H, the primary strength-giving phase in
hydrated cement paste. The calcium peak reflects the
presence of calcium compounds, including Calcium oxide
and Calcium hydroxide, which are integral to cement
hydration. The aluminum peak suggests the inclusion of
aluminate phases such as calcium aluminate (CA) and
alumino-silicate phases in the cement matrix. Additionally,
iron (Fe), magnesium (Mg), and sulfur (S) peaks
correspond to trace elements and impurities commonly

found in cement.

In contrast, the EDX spectrum of the ultrafine
RHA-modified mix (Figure 10b) reveals some notable
differences compared to the control mix. While the most
significant peaks still correspond to oxygen (O), silicon
(Si), calcium (Ca), and aluminum (Al), there are changes in
the relative intensities and the appearance of additional
peaks. The oxygen peak remains prominent, indicating the
continued presence of oxides, but its relative intensity may
be slightly altered due to the addition of ultrafine RHA.
The silicon peak is more pronounced in the ultrafine
RHA-modified mix, reflecting the high silica content of
ultrafine RHA. This increase in silicon is indicative of the
enhanced pozzolanic reaction, which contributes to
additional C-S-H formation, leading to a denser and more
robust microstructure. The calcium peak remains
significant but is relatively reduced compared to the
control mix. This reduction is due to the partial
replacement of calcium-rich cement with silica-rich
ultrafine RHA. The aluminum peak continues to be present,
suggesting that the alumino-silicate phases are still integral
to the modified matrix. The appearance of potassium (K)
and sodium (Na) peaks is more noticeable in the
RHA-modified mix. These elements are typically present
in agricultural residues like ultrafine RHA and contribute
to the overall chemical composition of the concrete [55-56].
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Iron (Fe) and sulfur (S) peaks are consistent with the
presence of trace elements and impurities, similar to the
control mix.

The EDX analysis clearly demonstrates the impact of
incorporating ultrafine RHA into the concrete mix. The
increased silicon content and the altered calcium-to-silicon
ratio in the ultrafine RHA-modified mix indicate a
significant pozzolanic reaction, which lead to the
production of extra products of hydration. This enhanced
C-S-H formation improves the microstructural properties

of the concrete, contributing to its increased strength and
durability. The presence of potassium and sodium from the
ultrafine RHA further modifies the chemical composition,
potentially influencing the hydration process and the
overall performance of the concrete. Overall, the EDX
spectra provide a comprehensive understanding of the
chemical changes induced by the incorporation of ultrafine
RHA, highlighting its role in enhancing the pozzolanic
behavior and improving the concrete’s microstructural and
durability characteristics.
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Figure 10. EDX Analysis of Samples: (a) Control, (b) Sample with 20% RHA
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3.9. X-Ray Diffraction (XRD) Analysis

The XRD analysis provides key insights into the
crystalline phases present in the reference mix and the mix
with 20% ultrafine RHA. Figure 11 displays the XRD
behavior for the reference sample and the ultrafine
RHA-modified mix, respectively, highlighting significant
differences in their crystalline compositions. In the XRD
pattern of the control mix (Figure 11), several prominent
peaks are observed, indicating the presence of well-defined
crystalline phases. The most significant peaks correspond
to calcium hydroxide (Ca(OH)z), commonly known as
portlandite, which is characterized by peaks at
approximately 21°and 30< These peaks are indicative of
the primary hydration product of Portland cement [28, 57].
Additionally, there are peaks corresponding to calcium
silicate hydrates, though with lower intensity, suggesting
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that these phases are partially crystalline or amorphous.
The control mix also exhibits minor peaks that may
correspond to calcium carbonate (CaCOs) around 49<
which could result from carbonation on the surface of the
sample.

In comparison, the XRD pattern of the ultrafine
RHA-modified mix (Figure 11) reveals significant changes
in comparison to the reference sample. The incorporation
of 20% ultrafine RHA introduces new phases and alters the
relative intensities of existing peaks. The most noticeable
changes are the increased intensity of the silica (SiO,) peak
and the reduced intensity of the portlandite peaks. The
pronounced peak at around 28< in the ultrafine
RHA-modified mix indicates a high concentration of
crystalline silica, which is derived from the RHA. This
peak is more intense in the ultrafine RHA-modified mix,
reflecting the high silica content of the ash [55].
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Figure 11. XRD Analysis of Samples: Control, Sample with 20% RHA
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Furthermore, the peaks corresponding to portlandite are
less intense in the ultrafine RHA-modified mix, suggesting
a reduction in the amount of free calcium hydroxide. This
reduction is due to the pozzolanic reaction between the
SiO; in ultrafine RHA and calcium hydroxide, forming
additional C-S-H. The formation of additional C-S-H
phases is inferred from the overall reduction in portlandite
peaks and the densification observed in the microstructure.
Although C-S-H phases are often amorphous and do not
produce sharp XRD peaks, their formation is supported by
the reduction in free lime. The XRD analysis clearly
demonstrates the impact of incorporating ultrafine RHA
into the concrete mix. In the control mix, the presence of
significant amounts of portlandite indicates a typical
hydration process of Portland cement. However, in the
ultrafine RHA-modified mix, the enhanced silica content
from ultrafine RHA leads to a pozzolanic reaction,
ingesting ca(OH), and developing extra CSH. This
reaction not only reduces the amount of portlandite, as
evidenced by the decreased peak intensities but also
increases the overall strength and durability of the concrete
through the formation of more stable and denser C-S-H
phases [29].

The XRD analysis supports the findings from the SEM
and EDX analyses, highlighting the beneficial effects of
ultrafine RHA incorporation on the microstructural and
chemical properties of concrete. The increased formation
of C-S-H and the reduction in free calcium hydroxide
contribute to a more durable and sustainable concrete mix,
making ultrafine  RHA a valuable supplementary
cementitious material for high-performance concrete
applications. The pronounced silica peak in the ultrafine
RHA-modified mix indicates the introduction of reactive
silica, which is essential for the pozzolanic reaction. The
reduction in portlandite peaks further confirms the
effectiveness of ultrafine RHA in enhancing the pozzolanic
activity, leading to improved mechanical properties and
reduced porosity in the concrete matrix.

4. Conclusions

In the current research paper, each experimental analysis
offered key insights into the benefits of using ultrafine
RHA in concrete mixtures. The ultrafine nature of RHA,
characterized by its significantly finer particle size and
higher reactivity, enhances its pozzolanic activity and
contributes to a denser, more durable concrete matrix. The
fine particles also improve packing density and reduce
porosity, which positively impacts various concrete
properties. Below are the key conclusions drawn from the
current study:

. The inclusion of ultrafine RHA in concrete mixtures
results in a decrease in slump, indicating reduced
workability. Specifically, the M3 mixture exhibited a
slump of 5 cm compared to 8 cm for the control mix
due to the increased surface area and water demand of

ultrafine RHA particles, as well as their angular shape,
which reduces fluidity.

The compressive strength of ultrafine RHA-modified
concrete mixtures significantly improves over time.
The M4 mixture showed a 43% increase in
compressive strength at 90 days compared to the
control mix, demonstrating the beneficial pozzolanic
reaction of ultrafine RHA and the filler effect, which
enhances the concrete matrix density.

Ultrafine RHA-modified mixtures exhibit enhanced
water tightness. The M4 mixture recorded a 31%
decrease in moisture sorption after 8 days compared
to control mix, indicating improved resistance to
penetration of water.

The incorporation of ultrafine RHA reduces drying
shrinkage in concrete mixtures. The M4 mixture
showed a 27% reduction in cumulative drying
shrinkage over 10 weeks compared to the control mix
due to the denser microstructure, refined pore
structure, and reduced cement content, which
collectively minimize water loss and shrinkage.
Ultrafine RHA enhances the abrasion resistance of
concrete. The M4 mixture exhibited a 23% decrease
in loss of mass because of the abrasion at 56 days in
comparison to the reference mix. This improvement
is attributed to the increased compressive strength,
denser microstructure, and better packing density
provided by the fine and angular particles of ultrafine
RHA.

Ultrafine RHA-modified concrete shows improved
resistance to acid attack. The M4 mixture lost only
12% of its compressive strength after 56 days of
exposure to H,SO4, compared to a 29% loss in the
control mix. This resistance is due to the refined
microstructural and increased formation of products
of hydration, which provide better durability against
acidic environments.

The SEM images revealed a denser and more refined
microstructure in the ultrafine RHA-modified mix.
The number of large pores and cracks was
significantly reduced, contributing to the improved
mechanical properties and durability of the concrete.
The presence of fine RHA particles filled voids and
enhanced the overall compactness of the concrete
matrix.

The EDX spectra confirmed the increased silica
content and reduced calcium hydroxide in the
ultrafine RHA-modified mix. The relative intensity
of the silica peak in the RHA mix was significantly
higher, indicating enhanced pozzolanic activity.

The XRD patterns demonstrated a reduction in
portlandite peaks and an increase in silica peaks in the
ultrafine RHA-modified mix. The pronounced silica
peak at around 26° and reduced portlandite peaks
confirmed the formation of additional C-S-H,
enhancing the concrete's strength and durability.

In conclusion, the incorporation of ultrafine RHA as a
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partial replacement for cement in concrete significantly
enhances various properties, including compressive
strength, moisture resistance, abrasion resistance, and acid
resistance. The pozzolanic activity of ultrafine RHA plays
a crucial role in these improvements, making it a valuable
supplementary cementitious material for sustainable and
high-performance concrete applications.
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