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Abstract This study investigates the flexural behavior
and energy absorption of reinforced concrete beams
incorporating rice husk ash (RHA) under normal and acidic
environments (pH 3). Six beam specimens were cast with
RHA replacement levels of 0%, 5%, and 10% and tested
under four-point bending. The experimental variables
included initial cracking load, yielding load, ultimate load,
mid-span deflection, and total energy absorption based on
the load—deflection response. The results indicated that
beams with 5% RHA exhibited the best performance in
both environments, with significant improvements in
flexural strength, cracking resistance, and deformation
capacity. Under acidic conditions, RHA-modified beams
demonstrated higher resistance to degradation, attributed to
the pozzolanic reaction that enhanced the microstructure
and reduced porosity. Energy absorption analysis revealed
that 5% RHA beams achieved over 2.3 times the reference

value in normal water and nearly twice under acid exposure.

Meanwhile, 10% RHA beams showed moderate
improvements, suggesting a diminishing return at higher
replacement levels. The study also found that RHA
enhances ductility, although it increases mid-span
deflection, which should be considered in structural design.
These findings support the use of RHA as a sustainable
partial cement replacement, especially for structures
exposed to chemically aggressive environments. The
outcomes of this research offer practical guidance for
optimizing material selection and structural performance in

the development of durable and environmentally resilient
concrete infrastructure.

Keywords  Rice Husk Ash, Flexural, Reinforced
Concrete, Aggressive Environment, Energy Absorption

1. Introduction

Concrete is the most widely used construction material
worldwide, primarily due to its high compressive strength,
durability, and cost-effectiveness. However, the production
of Portland cement—a key component of concrete—
remains one of the largest contributors to global CO:
emissions. This environmental challenge has led to a
growing interest in green concrete, particularly through the
partial replacement of cement with supplementary
cementitious materials (SCMs) such as rice husk ash
(RHA), metakaolin, and fly ash to enhance sustainability
and long-term durability.

The cement industry is the second-largest industrial
source of global CO: emissions, contributing
approximately 25% of total industrial emissions [1]. In
2019 alone, cement production generated 2.46 gigatonnes
of CO., representing a 186% increase since 1990.
Cumulative emissions from cement production between
1930 and 2021 are estimated to have reached 41.6
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gigatonnes [2]. These figures highlight the urgent need for
more sustainable cementitious materials, particularly in the
fight against rapid infrastructure growth in developing
regions.

Between 2020 and 2025, CO: emissions from the cement
industry have remained persistently high, underscoring the
global challenge of decarbonizing one of the most
emissions-intensive sectors. China reported approximately
1.35 million Gg of emissions in 2020, while India’s
emissions rose from 396.89 Mt in 2020 to projections
exceeding 600 Mt by 2025, driven by rapid urbanization
and industrial expansion [3][4][5]. In Indonesia, emissions
reached 40 Mt in 2020, reflecting the sector’s growing
footprint and its untapped mitigation potential through
energy efficiency and clinker substitution [6]. Globally,
emissions peaked at 3.96 Gt in 2021, reaffirming the
cement industry’s role as a leading contributor to
greenhouse gas emissions [7][8]. These findings indicate
that the sector’s carbon footprint remains substantial
despite ongoing mitigation strategies. It calls for more
transformative efforts integrating technological innovation,
policy commitment, and region-specific solutions,
particularly in developing economies where growth
pressures often outweigh environmental considerations.

Recent studies have shown that green concrete
incorporating metakaolin, recycled aggregates, and
pozzolanic materials offers improved resistance against
chemically aggressive environments, especially acidic
exposure which often leads to deterioration [9]-[14]. RHA
has attracted significant attention as a sustainable
alternative material due to its high content of amorphous
silica, which contributes to the refinement of pore structure
and the improvement of the interfacial transition zone (ITZ)
in concrete. Several studies have demonstrated that the
incorporation of RHA not only reduces the environmental
impact but also enhances mechanical performance under
aggressive conditions. Specifically, RHA decreases
leaching and improves acid resistance by forming a denser
matrix, thereby increasing the overall durability of concrete
exposed to acidic media [15]-[18].

Acidic environments, including exposure to sulfuric acid
(H2SO4) and hydrochloric acid (HCI), accelerate the
degradation of concrete by reacting with calcium
hydroxide in hydrated cement paste, resulting in strength
loss and structural instability. Several investigations have
confirmed significant reductions in compressive strength
when concrete is subjected to such acidic solutions [19]-
[23]. Moreover, acid rain has emerged as a critical threat to
reinforced concrete structures, triggering microcracking,
leaching of hydration products, and weakening of
composite systems such as concrete-filled steel tubes [24]-
[28].

Despite these findings, most existing research focuses on
compressive strength  degradation, whereas limited
attention has been given to the flexural behavior of
reinforced concrete beams incorporating RHA in acidic

environments. This is noteworthy, as flexural
performance—including load-deflection characteristics
and crack propagation—is a crucial aspect of structural
integrity and serviceability under operational loads.

This study aims to investigate the flexural response and
crack behavior of reinforced concrete beams containing 0%,
5%, and 10% RHA as partial cement replacement. The
beams were subjected to two curing environments: tap
water and an acidic solution (simulating acid rain exposure).
The parameters evaluated include first-crack load, yielding
behavior, ultimate load, mid-span deflection, and energy
absorption capacity. Energy absorption is quantified to
assess the ductility and toughness of the beams, indicating
their capacity to withstand service loads and resist failure
under extreme conditions.

By providing a comprehensive experimental analysis,
this work addresses a significant research gap in
understanding how RHA-modified concrete behaves under
flexural loading after exposure to acidic environments. The
contribution lies in assessing how environmental
degradation mechanisms interact with varying RHA
content and how they affect service performance. The
findings are expected to guide the development of
environmentally friendly structural concrete and inform
future design strategies for infrastructure exposed to acid-
prone conditions.

Understanding the relationship between flexural strength
and crack behavior in green concrete is essential for
promoting sustainable construction practices. Insights from
this study can support the broader implementation of
agricultural waste-based materials such as RHA in
reinforced concrete design, encouraging durability-driven
and environmentally conscious innovations in civil
engineering.

2. Materials and Methods

2.1. Materials

The concrete mixtures in this study were designed for a
target compressive strength of 25 MPa. Portland
Composite Cement (PCC) served as the primary binder.
Fine and coarse aggregates were obtained from local
sources in Bili-Bili and met the specifications of ASTM
C33. The fine aggregate exhibited specific gravity of 2.85,
water absorption of 9.13%, and fineness modulus of 2.55.
The coarse aggregate had a maximum size of 20 mm,
specific gravity of 2.24, and water absorption of 2.22%.

Rice husk ash (RHA) was used as a supplementary
cementitious material, obtained through open-air
combustion and sieved through a # 200 mesh to ensure
consistent particle size (Figure 1). Reinforced concrete
beams were cast using segmented plywood molds, as
shown in Figure 2. An acidic environment was simulated
by immersing the specimens (Figure 3) in a sulfuric-nitric
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acid solution (7:3 ratio) under dry—wet cycles [23], while
control beams without RHA were cured in normal water. A
total of six concrete mixtures were prepared with partial
cement replacement by RHA at 0%, 5%, and 10% by
weight. The detailed mix proportions per cubic meter are
listed in Table 1.

Figure 2. Fresh Concrete in Beam Molds
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Immersion Beams

Figure 3.

2.2. Specimen Details and Test Setup

Figure 4 shows the complete flexural testing setup using
a structural loading frame system equipped with a
hydraulic actuator, reaction frame, and beam support
assembly to simulate four-point bending on reinforced
concrete specimens. Figure 5 shows the preparation and
positioning of the reinforced concrete beam specimen on
the flexural testing frame using a mechanical hoist system
for alignment and safety.

Reinforced concrete beams were cast and tested with a
cross-sectional dimension of 150 <200 mm and an overall
length of 2700 mm, providing an effective span of 2500
mm. The tensile reinforcement consisted of two steel bars
with a nominal diameter of 10 mm, while the compression
zone was reinforced with two 6 mm diameter bars. Shear
reinforcement was provided using closed stirrups made of
6 mm diameter steel bars (Figure 6).

The experimental matrix included three RHA content
variations (0%, 5%, and 10%) and two curing conditions:
normal water and acidic solution (pH 3). For each variation
of RHA content and curing condition, three identical beam
specimens were cast and tested to ensure consistency and
allow for variability assessment. The reported results
represent the average of these three specimens. Each beam
was subjected to four-point bending using a servo-
controlled universal testing machine (UTM) with a 2000
kN capacity. Loading was applied monotonically at a
constant rate until failure. Mid-span deflection was
monitored using Linear Variable Differential Transformers
(LVDTs), and failure modes were visually observed. The
key response parameters recorded were initial cracking
load, yield load, ultimate load, and maximum deflection.

Table 1. Concrete Mix Proportions

Specimens | Cement PCC (kg) | RHA (kg) | Fine Aggregate (kg) | Coarse Aggregate (kg) Water (kg) Immersion Solution
0%RHA-N 476 0 567 1071 220 Normal
0%RHA-A 476 0 567 1071 220 Acid pH3
5%RHA-N 452.2 238 567 1071 220 Normal
5%RHA-A 452.2 23.8 567 1071 220 Acid pH3
10%RHA-N 428.4 47.6 567 1071 220 Normal
10%RHA-A 428.4 47.6 567 1071 220 Acid pH3
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Figure 4. Structural Loading Frame Figure 5. Beam Setup for Flexural Testing
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Figure 6. Setting Test

The loading results are divided into three zones. Zone |
begins from the initial application of load until the
occurrence of the first crack. Initial cracking was visually
observed during loading. Loading was paused to record the
corresponding load and deflection, and then resumed.

Zone Il extends from the onset of cracking to the
yielding of the reinforcement. This phase is characterized
by the strain readings obtained from the strain gauges
attached to the reinforcement. During this stage, loading
was not interrupted; instead, it continued while load and
deflection were continuously recorded throughout the
loading process.

Finally, Zone Il begins at the point of reinforcement
yielding and extends until the beam reaches the maximum
applied load. In this phase, the structural behavior is
dominated by the plastic deformation of the reinforcement
and the progressive widening of cracks. The load-carrying
capacity of the beam increases marginally or remains
constant, while deflection grows significantly. Loading
continues throughout this stage and is automatically
terminated once the beam experiences failure, which is
typically indicated by a sudden drop in load-carrying
capacity or significant structural instability.
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2.3. Energy Absorption Calculation

The energy absorption capacity of each specimen was
quantified by integrating the area under the load—deflection
curve up to failure, representing the total mechanical
energy absorbed during flexural deformation and serving
as a key indicator of ductility and toughness. For
comparison purposes, the absorbed energy of each beam
was normalized against the control beam (0% RHA) cured
in normal water.

Following the simplified elastoplastic model,
performance metrics such as load capacity, equivalent
elastic stiffness (K), and energy dissipation capacity were
assessed [29]. The equivalent elastic stiffness (K) is defined
as the ratio of yielding load to yielding displacement, while
the ductility index () corresponds to the ratio of mid-span
deflection at failure (Du) to that at yielding (Dy). The
points A, B, and C shown in the load—deflection curve
represent critical response stages—namely yielding
initiation, peak load, and structural failure—that were
directly obtained from the experimental flexural tests.
These points were identified based on the recorded mid-
span deflection data and corresponding load values,
ensuring that the segmentation of the response curve
reflects actual structural behavior observed during testing.
The equivalent elastoplastic energy (Em), encompassing
the entire deformation stages, characterizes the energy
dissipation capacity (illustrated by the blue and red regions
in Figure 7).

(0] Dy Dp D,
Mid-span deflection

Figure 7. Simplified Elastoplastic Model [29]

2.4. The Reference Elastoplastic Energy

After obtaining the experimental energy absorption (Em),
the analysis proceeded to determine the reference
elastoplastic energy (Er). This parameter represents the
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theoretical total energy absorbed by a structural element,
obtained through numerical simulation using the finite
element method (FEM) in the SAP2000 software. This
simulation yields an idealized load—deflection curve, free
from the experimental noise and irregularities that typically
arise in laboratory testing. The value of Er is calculated as
the area under the simulated load—deflection curve,
providing a representation of the total energy the structure
can absorb under idealized conditions.

3. Results and Discussion

3.1. Results

3.1.1. Load—Deflection Behavior

The flexural test setup and post-failure behavior of the
reinforced concrete beam specimens are described in this
section. A four-point bending configuration was employed
using a hydraulic actuator to apply monotonic loading, as
shown in Figure 8 and Figure 9. Linear variable differential
transformers (LVDTs) and load cells were installed to
measure mid-span deflection and applied load with high
precision. Grid lines were marked on the surface of each
beam to facilitate crack pattern monitoring.

Figure 9.

Load Application with Hydraulic Jack
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As seen in Figure 10, the cracks propagated primarily in
the flexural region, indicating the typical failure mode
under bending stress. The pattern also confirms that the
beams underwent progressive damage rather than sudden
brittle failure, allowing for a detailed evaluation of
deformation stages including initial cracking, yielding, and
post-peak behavior. This visual observation supports the
quantitative findings presented in the subsequent load—
deflection analysis.

Figure 10. Crack Formation after Failure

The load-deflection response of the reinforced concrete
beams tested under both normal and acidic environments
exhibited distinct patterns based on the percentage of RHA
incorporated. In general, all beams showed typical flexural
behavior, beginning with an initial linear elastic response,
followed by a vyielding stage, and culminating in a
nonlinear post-yield phase until failure.

Figure 11 illustrates the average load—deflection curves
derived from three specimens for each beam variation,
resulting in six representative curves corresponding to the
experimental groups. Beams incorporating 5% RHA in a
normal environment demonstrated the most ductile and
energy-efficient behavior, indicated by a smooth curve
with an extended deflection capacity beyond the peak load.
This was followed closely by the 5% RHA beam in an
acidic environment, which retained considerable load-
bearing capacity despite the aggressive exposure. In
contrast, the control beam (0% RHA) under acidic

conditions exhibited a more brittle response with a shorter
post-peak region and a significantly reduced maximum

deflection, indicating lower toughness and reduced
ductility.
20
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Figure 11. Load-deflection Curve

The inclusion of RHA generally led to an improvement
in the curvature and extension of the load-deflection profile.
Beams with 109% RHA showed intermediate performance,
with improved deflection compared to the control but less
pronounced than the 5% RHA specimens. The acidic
environment consistently reduced both the peak load and
the corresponding deflection across all variations,
highlighting the detrimental effect of chemical attack on
concrete performance.

These observed variations in load-deflection behavior
form the basis for further analysis of cracking
characteristics, energy absorption, and structural toughness,
which are discussed in subsequent sections.

3.1.2. Initial Cracking, Yielding, and Ultimate Load

The cracking, yielding, and ultimate load parameters
were identified from the experimental load—deflection
curves by segmenting each response into three distinct
zones: the onset of cracking (Zone 1), the yielding of
reinforcement (Zone 1), and the ultimate capacity prior to
failure (Zone I1I1). These key points serve as critical
indicators of the structural response under flexural loading.

Table 2. Test Results of Reinforced Concrete Beams
Load (kN) Mid Span Deflection (mm)
No Beams
| 1 ] 1 1 i

1 0% RHA_N 9.66 16.32 18.49 5.28 17.47 50.60
2 0% RHA_A 3.50 11.16 12.50 1.85 14.48 26.28
3 5% RHA_N 10.16 18.66 18.99 5.39 38.54 45.34
4 5% RHA_A 5.33 15.99 16.49 4.17 35.81 46.56

10% RHA_N 9.50 15.30 17.00 5.10 16.09 35.84
6 10% RHA_A 3.83 13.33 13.49 4.35 32.49 43.25
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Table 2 summarizes the experimental load results—
namely, the cracking load, yielding load, and ultimate
load—for each reinforced concrete beam. The beams
incorporating 5% RHA under normal conditions exhibited
the most favorable performance, reaching the highest
yielding (18.66 kN) and ultimate (18.99 kN) loads, which
suggests optimal synergy between pozzolanic activity and
cement hydration. In contrast, beams subjected to acidic
exposure experienced marked reductions in load-carrying
capacity, particularly the 0% RHA_A beam, which
recorded the lowest cracking (3.50 kN) and yielding (11.16
kN) loads. Interestingly, the control beam in normal
conditions (0% RHA _N) vyielded at 16.32 kN—
demonstrating that while conventional concrete performs
reasonably well, the inclusion of RHA at an optimal dosage
significantly enhances flexural behavior. Beams with 10%
RHA showed slightly diminished performance, indicating
that excessive replacement may reduce matrix cohesion or
hinder hydration efficiency.

The mid-span deflection data provide further insight into
the ductile behavior of each beam, revealing distinct
deformation capacities across variations. Beams with 5%
RHA under both normal and acidic environments
demonstrated superior deflection capacity at yielding and
ultimate stages, reaching values above 35 mm and up to
46.56 mm—indicating improved energy absorption and
delayed crack propagation. The 0% RHA_N beam, despite
having moderate strength, exhibited a substantial ultimate
deflection of 50.60 mm, though with a sharper post-yield
drop compared to RHA-modified specimens. In contrast,
beams exposed to acid, particularly without RHA, showed
early stiffening and lower deformation thresholds, with the
0% RHA_A beam reaching only 26.28 mm. These
variations highlight the role of RHA in refining
microstructure, reducing brittleness, and promoting greater
ductility under environmental stressors.

The ultimate load capacity followed a similar trend,
where all RHA-modified beams outperformed the control
beams. Interestingly, although the 10% RHA beams
reached relatively high ultimate loads, their corresponding
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yield and deflection values were less than the 5% RHA
beams, suggesting that excessive pozzolanic content may
not translate directly into improved ductility or crack
resistance.

These results demonstrate the beneficial effect of
RHA—particularly at an optimal 5% substitution—in
enhancing not only the strength but also the deformation
characteristics of reinforced concrete beams under both
normal and acidic environments.

Figure 12 illustrates the influence of RHA content on the
load capacity in Zone I, from the onset of loading to the
initial cracking. Under normal water immersion, the load
capacities of beams with and without RHA were relatively
similar. However, under acidic immersion (pH 3), the beam
with 5% RHA sustained a load 1.52 times higher than the
beam without RHA, while the 10% RHA beam carried 1.1
times more load than the non-RHA counterpart.

Figure 13 shows the effect of the curing environment on
the load capacity in Zone I. The acidic environment caused
a reduction in yield load for all beams, regardless of
whether RHA was used. The yield loads for beams
immersed in the acidic solution were 0.36, 0.52, and 0.40
times the corresponding loads of beams cured in normal
water for the 0%, 5%, and 10% RHA variations,
respectively.

Figure 14 illustrates the influence of RHA on the load
capacity in Zone Il, covering the range from initial cracking
to reinforcement yielding. The trend observed is consistent
with that in Zone I, differing only in magnitude. The beam
with 5% RHA carried a load 1.43 times greater than the
beam without RHA, while the beam with 10% RHA carried
1.19 times the load of the non-RHA counterpart.

Figure 15 shows the effect of the curing environment on
the load capacity in Zone I. The acidic environment caused
a reduction in yield load for all beams, regardless of
whether RHA was used. The yield loads for beams
immersed in the acidic solution were 0.68, 0.86, and 0.87
times the corresponding loads of beams cured in normal
water for the 0%, 5%, and 10% RHA variations,
respectively.
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Figure 12. Effect of RHA Percentage on Load Ratio (Zone I)
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Similarly, in Zone Il (from reinforcement yielding to
maximum load), a comparable trend was observed. The
beam with 5% RHA exhibited a load capacity 1.32 times
higher than the beam without RHA, while the beam with
10% RHA achieved a load 1.08 times greater than the non-
RHA beam, as shown in Figure 16.

Figure 17 presents the effect of the curing environment
on the load capacity in Zone Ill. The acidic environment
led to a reduction in load-bearing capacity for all beams,
regardless of RHA content. The beams immersed in acid
with 0%, 5%, and 10% RHA recorded loads that were 0.68,
0.87, and 0.79 times, respectively, of those achieved by the
corresponding beams cured in normal water.
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3.1.3. Energy Absorption

Figure 18 illustrates the idealized load—deflection curves
for all six beam variations in this study. Each curve is
segmented into three zones: the elastic zone (0-A), the pre-
peak plastic zone (A-B), and the post-peak zone (B-C).
The colored regions represent the areas used to estimate
total absorbed energy using the Simplified Elastoplastic
Model, with the blue area reflecting energy up to the yield
point and the red area capturing energy dissipated after
yielding until failure.

The beam with 5% RHA under normal conditions
(Figure 18c) shows the largest total area, indicating
superior toughness and ductility. A similar favorable
behavior is observed in the 5% RHA beam in an acidic
environment (Figure 18d), which also demonstrates
extended plastic deformation. Beams with 10% RHA
(Figures 18e and 18f) show moderately high energy zones,
suggesting that higher RHA content still provides benefits
but not as significantly as the 5% substitution. In contrast,
the 0% RHA beams (Figures 18a and 18b), especially the
one in an acidic environment, exhibit much smaller energy
areas, reflecting brittle failure behavior and poor

deformation capacity.

These differences in shaded area highlight the critical
role of RHA content and the environmental exposure on
structural energy dissipation, as quantitatively explored in
the subsequent analysis. Table 3 presents the calculated
energy values for all beam variations, expressed in Nmm.

Table 3 presents the equivalent elastoplastic energy data
derived from various reinforced concrete beam specimens
incorporating RHA at replacement levels of 0%, 5%, and
10%, under two environmental conditions: Normal (N) and
Acidic (A). The total energy absorbed during experimental
testing, denoted as Em, represents the cumulative energy
capacity of each beam prior to structural failure. Notably,
the highest energy absorption was recorded in the 0% RHA
beam under normal conditions, with an Em value of
760,478.15 N-mm, indicating robust plastic energy
resistance in the absence of both RHA and acidic exposure.
Conversely, the same mixture subjected to acidic
conditions exhibited a sharp decline in energy capacity,
with Em falling to 235,409.40 N mm, underscoring the
detrimental influence of aggressive environments on
structural resilience.
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Table 3. Equivalent Elastoplastic Energy

Elastic Energy 0-A Energy Zone A-B Energy Zone B-C Em Er (Em-Er)/Er
Beam Variation
(N.mm) (N.mm) (N.mm) (N.mm) (N.mm) (%)

0% RHA - N 25,502.40 158,348.10 576,627.65 760,478.15 749,720.32 1.435

0% RHA - A 3,237.50 92,577.90 139,594.00 235,409.40 326,078.68 -27.806

5% RHA - N 27,381.20 477,691.50 128,010.00 633,082.70 715,294.18 -11.493

5% RHA - A 11,113.05 337,282.40 174,580.00 522,975.45 635,640.64 -17.725
10% RHA - N 24,225.00 136,276.00 318,962.50 479,463.50 501,676.75 -4.428
10% RHA - A 8,330.25 241,441.20 144,291.60 394,063.05 485,306.63 -18.801

For beams containing 5% RHA, the energy values
remained relatively high—633,082.70 N mm under normal
conditions and 522,975.45 Nmm under acidic
conditions—suggesting that a moderate addition of RHA
may still preserve much of the beam’s energy-absorbing
capacity, though acid exposure continues to impose a
negative effect. In the case of 10% RHA, a more noticeable
reduction in Em was observed, with values of 479,463.50
N mm and 394,063.05 N mm for the normal and acidic
conditions, respectively. This trend implies that higher
RHA content may lead to a gradual decrease in
elastoplastic performance, especially under aggressive
chemical exposure.

Overall, the data reveal a clear pattern: increasing RHA
content and exposure to acidic environments both
contribute to a reduction in total elastoplastic energy. These
findings highlight the importance of optimizing both
material composition and environmental durability in the
design of sustainable concrete structures.

The final column of Table 3 presents the percentage
difference between the measured equivalent elastoplastic
energy (Em) and the reference energy (Er), calculated using
the expression (Em—Er)/Er x 100%. This parameter
provides insight into the deviation of the experimental
energy absorption from the expected or reference value. A
positive value indicates that the specimen absorbed more
energy than the reference, suggesting enhanced ductility or
energy dissipation capacity. Conversely, a negative
percentage reflects a reduction in energy absorption,
indicating diminished structural performance under
flexural loading. Notably, the control beam in normal
conditions (0% RHA-N) exhibits a slight positive deviation
(+1.435%), confirming its use as the normalization
baseline. In contrast, the 0% RHA specimen exposed to
acid (0% RHA-A) shows a sharp decline (—27.806%),
highlighting the adverse effect of acidic environments on
energy dissipation. Specimens incorporating RHA at 5%
and 10% generally show negative deviations, particularly
under acidic exposure, confirming that while RHA
enhances matrix densification, its contribution to energy
absorption under aggressive environments may be limited
or variable.

3.2. Discussion

3.2.1. Effect of RHA on Flexural Capacity

The incorporation of RHA into reinforced concrete has
been widely researched, particularly regarding its effects
on flexural capacity. A key finding across multiple studies
indicates that RHA enhances the flexural behavior of
concrete beams by improving parameters such as cracking
resistance, vyielding load, and ultimate capacity.
Specifically, beams with a 5% RHA substitution exhibited
superior flexural strength compared to those with higher
RHA content or the control group without RHA. This
performance enhancement is primarily attributed to the
pozzolanic activity of RHA, which contributes to the
formation of calcium silicate hydrate (C-S-H) gel, thereby
densifying the microstructure and augmenting the bond
strength between paste and aggregates [30]-[32].

Moreover, the presence of RHA has been shown to
delay the initiation of cracking and increase the yield point
of concrete, factors that are pivotal for the structural
integrity of flexural elements. This aspect of enhanced
ductility correlates with the study findings, where RHA-
modified beams not only sustained greater loads but also
demonstrated increased deformation capacity before
yielding [33], [34]. The research indicates that while 10%
RHA also showed improvements, the optimal dosage for
maximum structural benefits was identified to be around
5%, suggesting that excessive RHA content might disrupt
the concrete matrix by complicating particle packing and
adversely affecting pozzolanic reactions [17], [35], [36].

In summary, the addition of RHA, particularly at a 5%
substitution level, substantially enhances the flexural
performance of concrete beams. This improvement stems
from the densification of the microstructure and enhanced
interfacial bonding, which are critical to the mechanical
performance of concrete under bending loads. Studies
consistently affirm these findings, underscoring RHA's role
as an effective supplementary cementitious material [37],
[38].

Although beams incorporating 10% RHA demonstrated
improved performance compared to the control, their
flexural behavior was consistently lower than that of the
5% RHA specimens. This diminishing return may be
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attributed to several factors. At higher replacement levels,
the excessive fine particles of RHA may disrupt the optimal
packing density of the cementitious matrix, leading to
increased porosity and reduced mechanical interlocking.
Moreover, a high RHA content may result in insufficient
calcium hydroxide available for pozzolanic reaction,
thereby limiting additional C—S—H gel formation. These
conditions can compromise the homogeneity and integrity
of the hardened paste, especially under chemical stress.
From a practical perspective, these findings suggest that a
5% replacement level offers a more favorable balance
between strength enhancement, workability, and material
durability. Therefore, the 5% RHA dosage may serve as an
optimal threshold for structural applications requiring
mechanical performance and resistance to acidic
environments.

3.2.2. Influence of Acidic Environment

The influence of an acidic environment on the flexural
performance of reinforced concrete beams has been
documented, demonstrating that such conditions can
impair structural integrity. Specifically, beams without
RHA have shown reductions in load-carrying capacity and
energy absorption when exposed to acidic solutions.
Cracking and yielding loads were significantly diminished,
leading to more brittle behavior characterized by reduced
ductility. These findings align with research indicating that
acidic environments can facilitate the leaching of calcium
hydroxide (Ca(OH).) from the concrete matrix, which
compromises the cement's structural integrity and enhances
microstructural degradation [39].

Furthermore, the present findings confirm that
incorporating 5% RHA as a partial replacement for PCC
provides a clear improvement in flexural performance and
durability, particularly under acidic exposure. Previous
research [34], which employed higher substitution levels of
RHA, also reported positive effects. However, the
difference lies in the type of cement used—since OPC does
not contain pozzolanic additives, larger amounts of RHA
can still contribute positively to the matrix. In contrast,
PCC already includes pozzolanic materials; therefore,
excessive RHA content may delay strength development.
This condition explains why the optimal dosage in this
study was identified at 5%. Another study [35] achieved
favorable outcomes with higher RHA content because the
ash was sieved using a #50 mesh, which produces relatively
coarse particles. In the present work, RHA was processed
through a #200 mesh, resulting in a much finer material that
actively participated in pozzolanic reactions and enhanced
the microstructural refinement of the concrete.

Using RHA influences structural durability by producing
a denser microstructure with refined pores. Nevertheless,
under acidic exposure, RHA-modified specimens exhibited
lower mass loss and strength reduction than those without
RHA. Overall, incorporating RHA offers a sustainable
alternative to conventional concrete for structural
applications [39].

Thus, while RHA improved resistance to acid-induced
deterioration—and thereby enhanced both strength and
toughness under aggressive conditions—the prevailing
acidic environment still significantly compromised the
flexural behavior of all concrete beams, underscoring the
necessity for additional protective measures in concrete
exposed to such deleterious conditions [10], [15],[40], [41].

In summary, the research supports the notion that the use
of RHA can provide improvements in the durability and
strength  characteristics of concrete under acidic
environments while also highlighting critical limitations
imposed on performance under these conditions.

These findings suggest that RHA-concrete, particularly
at a 5% replacement level, holds significant promise for
long-term structural applications in tropical and industrial
regions, where reinforced concrete is routinely exposed to
high humidity, acid rain, and chemically aggressive
conditions.

3.2.3. Energy Dissipation

Energy absorption is essential for assessing the
toughness and ductility of reinforced concrete (RC)
elements, particularly when subjected to flexural loading.
Recent research indicates that the incorporation of RHA
significantly enhances the energy dissipation capacities of
these concrete beams, surpassing control groups without
RHA. Specifically, beams incorporating 5% RHA have
demonstrated improved energy absorption in normal
conditions, highlighting a beneficial balance between
strength, deformation capacity, and effective crack control.
This performance is supported by findings that report the
high pozzolanic activity of RHA, which enhances the
density and strength of concrete through a filler effect [42].

The enhanced energy dissipation observed in RHA-
modified beams is attributed to microstructural
improvements due to pozzolanic reactions that create a
denser matrix with stronger interfacial bonding between
aggregates. This is substantiated by research from Wang et
al., which establishes that energy absorption capability can
be quantitatively related to concrete's material parameters
[43]. Furthermore, RHA-modified beams exhibited more
gradual post-yield behavior with increased areas under the
load-deflection curves, confirming improvements in
ductility. This stability in ductility is particularly evident in
harsh environments, showcasing the critical role of RHA in
reinforcing concrete structures against chemical exposure.

In aggressive environments, conventional RC beams
typically experience reduced energy absorption, resulting
in brittle responses characterized by early cracking and
diminished toughness. However, findings indicate that
RHA mitigates these negative effects, with the 5% RHA
beam performing notably well in acidic conditions and
achieving one of the highest energy absorption ratings
among all tested specimens [42]. This reinforces the
conclusion that RHA is vital for enhancing concrete’s
structural resilience under chemical stresses. Additional
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studies have corroborated significant reductions in energy
absorption in traditional concrete subjected to
environmental degradation, while RHA incorporation
consistently promotes energy dissipation and toughness
[44].

In summary, incorporating RHA—particularly at a
concentration of 5%—not only improves the flexural
capacity of concrete beams but also significantly enhances
their ability to dissipate energy and endure deformation,
crucial factors for structures designed to withstand
dynamic or seismic loads [43]. This suggests that the
prudent use of RHA in concrete formulations can lead to
more resilient construction practices, particularly in
environments affected by aggressive chemical agents.

3.2.4. Practical Implications and Future Work

The findings of this study provide valuable insights for
both research and engineering practice. Incorporating 5%
rice husk ash (RHA) as a partial cement replacement
improved flexural performance, energy absorption, and
durability under acidic exposure. These results are
particularly relevant for structures operating in aggressive
environments—such as wastewater treatment plants,
industrial zones, and coastal regions—where enhanced
resistance to chemical attack and increased ductility are
essential.

For practitioners, this study suggests that RHA-modified
concrete may be a viable alternative to conventional
concrete in applications prioritizing structural resilience
over strict deformation limits. However, implementation in
the field must consider several practical factors, including
RHA quality control, combustion uniformity, fineness of
particles, and compatibility with standard admixtures.
Proper curing procedures and mix design adjustments are
also required to ensure consistent performance. Although a
complete economic assessment was beyond the scope of
this study, the use of RHA may offer cost and sustainability
benefits due to its status as an agricultural by-product.
Future research should include a detailed cost—benefit
analysis and field-scale trials to evaluate logistical
feasibility.

In terms of experimental design, this study used three
specimens per variation (n = 3), and results are presented
as averages to reflect repeatability and minimize random
variability. Due to the limited sample size, inferential
statistical tests such as ANOVA were not applied; instead,
trend-based interpretation and graphical analysis were
employed, which are appropriate for exploratory research.
To strengthen statistical significance, future studies will
incorporate larger sample sizes with expanded RHA
dosage ranges (e.g., 2.5%, 7.5%, 12.5%) to better define
the performance threshold and validate trends
quantitatively.

Although this study simulated long-term exposure by
immersing specimens for 90 days in acidic and normal
environments, it did not explore time-dependent
deterioration. Future work will include progressive
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immersion durations (e.g., 30, 60, 180 days) to understand
degradation  mechanisms over time. Moreover,
microstructural analyses using SEM, XRD, and porosity
tests are planned to validate the pozzolanic reaction, matrix
densification, and chemical resistance at the microscopic
level.

Finally, while this investigation focused on beam
elements under monotonic flexural loading, future studies
should explore the behavior of RHA-based concrete in
other structural elements such as slabs, columns, and
composite members under combined bending and shear.
Simulating dynamic conditions—such as seismic or impact
loads—will help establish the practical viability of RHA
concrete for critical infrastructure. Integrating these
findings into design guidelines and sustainability
frameworks could support broader adoption of green
concrete solutions in the construction industry.

4. Conclusions

This study investigated the flexural behavior and energy
absorption capacity of reinforced concrete beams
incorporating different percentages of RHA and subjected
to two environmental conditions: normal and acidic.

Incorporating RHA, particularly at a 5% replacement
level, significantly enhanced the flexural performance and
durability of reinforced concrete beams under normal and
acidic environments. The improvement was evident at all
critical stages of loading—initial cracking, yielding, and
ultimate capacity. In acidic conditions, RHA proved
especially effective in mitigating deterioration by refining
the microstructure, reducing porosity, and promoting the
formation of additional calcium silicate hydrate (C—S-H),
thereby enhancing chemical resistance.

From a structural design perspective, 5% RHA
represents an optimal replacement level that balances
strength, ductility, and environmental durability. However,
the increased deflection observed in RHA-modified beams
under normal conditions requires proper design
adjustments to ensure compliance with serviceability limits.
RHA-based concrete is particularly suitable for structures
exposed to harsh environmental conditions, such as
industrial zones or wastewater systems, where toughness is
prioritized over strict deformation control.

The effect of RHA on energy absorption was strongly
influenced by the environment. Under normal curing, the
control beam recorded the highest energy, indicating that
RHA did not increase total capacity. In acidic conditions,
however, 5% RHA was far more effective in maintaining
energy absorption and ductility, showing its key role in
mitigating chemical degradation.

REFERENCES

[1] T.Guo,Y,, Luo, L., Liu, T., Hao, L., Li, Y., Liu, P., & Zhu,



3460

[2]

(3]

(4]

[5]

(6]

[7]

(8l

(9]

[10]

[11]

[12]

Flexural Performance and Energy Absorption of Reinforced Concrete Beams Incorporating Rice Husk Ash
under Normal and Acidic Environments

“A review of low-carbon technologies and projects for the
global cement industry,” J. Environ. Sci., vol. 136, pp. 682—
697, Feb. 2024, doi: 10.1016/J.JES.2023.01.021.

Z. Huang, Z., Wang, J., Bing, L., Qiu, Y., Guo, R., Yu,
Y., ... Liu, “Global carbon uptake of cement carbonation
accounts 1930-2021,” Earth Syst. Sci. Data, vol. 15, no. 11,
pp. 4947-4958, Nov. 2023, doi: 10.5194/ESSD-15-4947-
2023.

X. Liu et al., “Carbon and air pollutant emissions forecast
of China’s cement industry from 2021 to 2035,” Resour.
Conserv. Recycl., vol. 204, 2024, doi:
10.1016/j.resconrec.2024.107498.

S. Anand, P. Vrat, and R. P. Dahiya, “Application of a
system dynamics approach for assessment and mitigation of
CO2 emissions from the cement industry,” J. Environ.
Manage., vol. 79, no. 4, pp. 383-398, 2006, doi:
10.1016/j.jenvman.2005.08.007.

N. Singh and M. Arens, “Utilization of industrial and
agricultural by-products in blended cement mortars —
creating an effort of circular economy in Indian cement
industry,” in Eceee Industrial Summer Study Proceedings,
2020, vol. 2020-September, pp. 91-100, [Online].
Available: https://www.scopus.com/inward/record.uri?eid
=2-52.0-

85137256894 &partnerlD=40&md5=9c2dfb31cee5f595ea9
656c234513e91.

T. W. S. Panjaitan, P. Dargusch, A. A. Aziz, and D. Wadley,
“Carbon management in an emissions-intensive industry in
a developing economy: Cement manufacturing in
Indonesia,” Case Stud. Environ., vol. 2, no. 1, 2018, doi:
10.1525/cse.2017.000976.

P. P. Argalis, M. Sinka, and D. Bajare, “A preliminary study
of mechanical treatments’ effect on the reactivation of
hydrated cement paste,” in Journal of Physics: Conference
Series, 2023, vol. 2423, no. 1, doi: 10.1088/1742-
6596/2423/1/012008.

R. Chaudhury, U. Sharma, P. C. Thapliyal, and L. P. Singh,
“Low-CO2 emission strategies to achieve net zero target in
cement sector,” J. Clean. Prod., vol. 417, 2023, doi:
10.1016/j.jclepro.2023.137466.

S. A. Agboola, A. A. Abdulraheem, K. I. Abbas, A. R.
Abiodun, M. A. Kolawole, and M. S. Olawale,
“Experimental investigation of the durability properties of
concrete produced with metakaolin as partial replacement
of cement,” Fudma J. Sci., vol. 8, no. 2, pp. 149-162, 2024.

M. J. Chinchillas-Chinchillas, M. J. Pellegrini-Cervantes, A.

Castro-Beltran, M. Rodr guez-Rodr guez, V. M. Orozco-
Carmona, and H. J. Peinado-Guevara, “Properties of mortar
with recycled aggregates, and polyacrylonitrile microfibers
synthesized by electrospinning,” Materials (Basel)., vol. 12,
no. 23, p. 3849, 2019.

A. Anwar, X. Liu, and L. Zhang, “Degradation Behavior of
GO-ternary Blended Nano-concrete Composites under
Accelerated Sulfuric Acid Attack,” in XVI International
Conference on Durability of Building Materials and
Components, 2023, pp. 1-11.

L. L. Li and K. L. Li, “Durability Assessment and
Maintenance Planning of Concrete Structures in Ningbo-
Zhoushan Port Main Channel Sea Link Project,” Durab.
Build. Mater. Components Sustain., Oct. 2023, doi:

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

10.23967/C.DBMC.2023.063.

M. K. Rao, G. A. Rao, and C. N. Kumar, “Durability of high
volume fly ash concrete exposed to H2SO4 environment,”
doi: 10.21012/FC10.235415.

A. F. Hashmi, M. S. Khan, M. Bilal, M. Shariq, and A. Baqi,
“Green Concrete: An Eco-Friendly Alternative to the OPC
Concrete,” CONSTRUCTION, vol. 2, no. 2, pp. 93-103,
2022, doi: 10.15282/construction.v2i2.8710.

M. A. Noaman, M. R. Karim, M. N. Islam, and M. S. Mia,
“Strength and durability parameters of brick aggregate
concrete incorporating rice husk ash as a partial replacement
of cement,” Adv. Mater. Sci. Eng., vol. 2022, no. 1, p.
8541276, 2022.

D. Dahal, R. Banstola, N. Baral, K. Basnet, and W. R.
Campus, “Evaluation of rice husk ash as a partial
replacement of cement in self-compacting concrete using
mix design,” Int. J. Eng. Res. Technol., vol. 9, 2020.

O. Zaid, J. Ahmad, M. S. Siddique, and F. Aslam, “Effect
of incorporation of rice husk ash instead of cement on the
performance of steel fibers reinforced concrete,” Front.
Mater., vol. 8, p. 665625, 2021.

M. W. Khan and Y. Ali, “Sustainable construction: Lessons
learned from life cycle assessment (LCA) and life cycle cost
analysis (LCCA),” Constr. Innov., vol. 20, no. 2, pp. 191-
207, 2020.

N. Ghazali, K. Muthusamy, N. A. Abdullah, M. I. M. Asri,
and N. F. A. Jamaludin, “Effect of Coal Bottom Ash as
Partial Sand Replacement for Lightweight Aggregate
Concrete,” Key Eng. Mater., vol. 912, pp. 119-125, 2022,
doi: 10.4028/P-LGROLS.

D. Zhang, X. Wang, S. Kang, G. Cheng, and W. Wu, “The
effect of slag and fly ash content on the properties of electric
furnace nickel slag-based geopolymer used for repair
materials,” Case Stud. Constr. Mater., vol. 19, no. August,
p. e02284, 2023, doi: 10.1016/j.cscm.2023.e02284.

L. Cheng, L. Shi, L. Yi,and W. Zhao, “Study on Mechanical
Properties and Constitutive Relationship of Concrete
Corroded by Hydrochloric Acid under Cyclic Load,”
Sustain., vol. 14, no. 22, p. 14692, Nov. 2022, doi:
10.3390/SU142214692.

A. S. Torshagher and A. Ocholi, “Acid Attack Resistance of
Concrete Produced by Partial Replacement of Cement with
Limestone Dust and Locust Bean Pod Ash,” LAUTECH
Journal of Civil and Environmental Studies, vol. 10, no. 2,
pp. 13-20, 2023, doi: 10.36108/laujoces/3202.01.0220.

Y. Wu, S. Chai, Y. Chen, S. Zou, and L. Chai,
“Experimental study on deterioration characteristics of
foamed concrete under dry-wet cycles in acidic
environment,” Front. Mater., vol. 10, p. 1332243, 2024.

J. Yu, H. Qiao, F. Zhu, and X. Wang, “Research on damage
and deterioration of fiber concrete under acid rain
environment based on GM (1, 1)-Markov,” Materials
(Basel)., vol. 14, no. 21, p. 6326, 2021.

L. Gao, Y. Lai, M. R. I. Pramanic, and W. Zhang,
“Deterioration of Portland cement pervious concrete in
sponge cities subjected to acid rain,” Materials (Basel)., vol.
14, no. 10, 2021, doi: 10.3390/ma14102670.

L. Xie, M. Chen, W. Sun, F. Yuan, and H. Huang,



[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Civil Engineering and Architecture 13(5): 3447-3461, 2025

“Behaviour of concrete-filled steel tubular members under
pure bending and acid rain attack: Test simulation,” Adv.
Struct. Eng., vol. 22, no. 1, pp. 240-253, 2019.

X. Ma, C. Li, and B. Li, “Carbon emissions of China’s
cement packaging: life cycle assessment,” Sustainability,
vol. 11, no. 20, p. 5554, 2019.

A. Awad, F. Al Adday, A. Qasem, and A. Al-Dulaimy, “An
Experimental Study on the Possibility of Demolition of
Destroyed Concrete Buildings with Different Types of
Acid,” Int. J. Eng. Res. Technol, vol. 13, pp. 2297-2304,
2020.

Z.Cai, X. Duan, L. Liu, Z. Lu, and J. Ye, “Reinforced ultra-
high performance concrete beam under flexure and shear:
Experiment and theoretical model,” Case Stud. Constr.
Mater., vol. 20, no. October 2023, p. €02647, 2024, doi:
10.1016/j.cscm.2023.e02647.

M. Amran et al., “Rice Husk Ash-Based Concrete
Composites: A Critical Review of Their Properties and
Applications,” Crystals, vol. 11, no. 2, p. 168, 2021, doi:
10.3390/cryst11020168.

S. A. Saad, M. F. Nuruddin, N. Shafig, and M. Ali,
“Pozzolanic Reaction Mechanism of Rice Husk Ash in
Concrete — A Review,” Appl. Mech. Mater., vol. 773-774,
pp. 1143-1147, 2015, doi: 10.4028/www:.scientific.net/am
m.773-774.1143.

N. L. Principio, A. A. Demonteverde, I. P. Lagradilla, and
J. C. D. Samson, “Mechanical Properties of Concrete With
Recycled High-Density Polyethylene Macro Flat Fiber and
Rice Hull Ash as Partial Replacement to Cement,” Int. J.
Integr. Eng.,, wvol. 14, no. 9, 2022, doi:
10.30880/ijie.2022.14.09.004.

M. H. R. Sobuz et al., “Development of Self-Compacting
Concrete Incorporating Rice Husk Ash With Waste
Galvanized Copper Wire Fiber,” Buildings, vol. 12, no. 7, p.
1024, 2022, doi: 10.3390/buildings12071024.

S. A. Endale, W. Z. Taffese, D. H. Vo, and M. D. Yehualaw,
“Rice Husk Ash in Concrete,” Sustain., vol. 15, no. 1, 2023,
doi: 10.3390/su15010137.

D. Patah and A. Dasar, “Strength Performance of Concrete
Using Rice Husk Ash (RHA) as Supplementary
Cementitious Material (SCM),” J. Civ. Eng. Forum, pp.
261-276, 2022, doi: 10.22146/jcef.3488.

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

3461

M. H. M. Hashim, “Flexural Characteristics of Eco-
Friendly Self-Compacting Concrete With Rice Husk Ash,”
Key Eng. Mater., vol. 1007, pp. 103-108, 2025, doi:
10.4028/p-05m6x2.

J. M. David, “Quantification of hydration products in rice
husk ash (RHA)-blended cement concrete with crumb waste
rubber tires (CWRT): Its correlation with mechanical
performance,” Int. J. Geomate, vol. 23, no. 99, 2022, doi:
10.21660/2022.99.s8603.

A. R. Djamaluddin, M. A. Caronge, M. W. Tjaronge, I. R.
Rahim, and N. M. Noor, “Abrasion Resistance and
Compressive Strength of Unprocessed Rice Husk Ash
Concrete,” Asian J. Civ. Eng., vol. 19, no. 7, pp. 867-876,
2018, doi: 10.1007/s42107-018-0069-5.

S. S. Pradhan, U. Mishra, S. K. Biswal, S. Pramanik, P.
Jangra, and F. Aslani, “Effects of Rice Husk Ash on
Strength and Durability Performance of Slag-based Alkali-
activated Concrete,” Struct. Concr., vol. 25, no. 4, pp.
2839-2854, 2023, doi: 10.1002/suc0.202300173.

O. Arasteh-Khoshbin, S. M. Seyedpour, and T. Ricken, “A
Comparative Study on the Effect of Rice Husk Ash,nano-
SiO2, and Nano-Aiz03 on the Mechanicalproperties and
Durability of Concrete: A Case Study of Caspian Seawater
Curing Condition,” 2022, doi: 10.21203/rs.3.rs-1787807/v1.

A. C. Neri, I. A. Baguhin, and R. R. Cabahug, “An
Investigation on the Compressive Strength of Concrete
With Rice Husk Ash as Cement Replacement and Addition
of Chemical Admixtures,” MJST, vol. 21, no. 1, 2023, doi:
10.61310/mndjstiect.0987.23.

A. Siddika et al., “Performance of Sustainable Green
Concrete Incorporated With Fly Ash, Rice Husk Ash, and
Stone Dust,” Acta Polytech., vol. 61, no. 1, pp. 279-291,
2021, doi: 10.14311/ap.2021.61.0279.

Y. Wang, Z. Liu, W. Yang, Y. Hu, and Y. Chen, “Damage
Index of Reinforced Concrete Members Based on the
Energy Dissipation Capability Degradation,” Struct. Des.
Tall Spec. Build., vol. 29, no. 2, 2019, doi: 10.1002/tal.1695.

K. Vijay, S. R. R. T. Prathipati, T. S. Sagar, and Y. Paluri,
“Evaluating the Effect of Steel Fibers on the Mechanical
Performance of High-Volume Fly Ash Concrete,” lop Conf.
Ser. Earth Environ. Sci., vol. 1130, no. 1, p. 12018, 2023,
doi: 10.1088/1755-1315/1130/1/012018.





