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ABSTRACT

The growing emphasis on sustainable construction has led to the exploration of alternative materials to partially replace
cement in concrete, reducing environmental impact and enhancing performance. This study investigates the effects of partial
replacement of cement with rice husk ash (RHA) and bentonite in concrete, focusing on its mechanical properties, durability,
and microstructural characteristics. RHA, a byproduct of rice milling, is rich in amorphous silica and exhibits excellent
pozzolanic properties, while bentonite, a naturally occurring clay, enhances workability and contributes to improved resistance
against permeability and cracking. In this experimental study, cement was partially replaced with RHA at 5%, 10%, and 15%
and bentonite at 5%, 10%, and 15% in different mix proportions. The concrete specimens were evaluated for workability,
compressive strength, tensile strength, water absorption, and durability characteristics over curing periods of 7, 28, and 56
days. Additionally, durability tests are conducted, such as acid resistance and sorptivity. This study demonstrates the potential
of RHA and bentonite as sustainable alternatives to cement in concrete, reducing carbon emissions while enhancing
mechanical performance. The findings provide insights into optimizing concrete mix design for sustainable construction
applications. Further research is recommended to assess long-term durability and field applications of RHA- and bentonite-
based concrete.

Keywords: Concrete, Rice Husk Ash, Bentonite, Sustainable Construction, Partial Cement Replacement, Pozzolanic Reaction,
Durability, Microstructure.

1. BACKGROUND AND NEED FOR SUSTAINABLE ALTERNATIVES IN CONCRETE

Concrete remains the most consumed construction material globally, only second to water. The key binding component in
concrete is Ordinary Portland Cement (OPC), which plays a vital role in defining the mechanical and durability properties of the
final product. However, the production of OPC is highly energy-intensive, contributing significantly to global greenhouse gas
emissions—about 0.9 tons of CO: per ton of cement produced. With the current pace of urbanization, infrastructure development,
and population growth, cement production is projected to increase, thereby escalating environmental concerns related to energy
consumption, depletion of natural limestone reserves, and CO. emissions.

To mitigate these environmental challenges, researchers, industry professionals, and policymakers have advocated the use of
Supplementary Cementitious Materials (SCMs) as partial replacements for cement. These SCMs are often industrial by-products
or naturally occurring minerals that possess pozzolanic or cementitious properties. They offer dual benefits—reducing the amount
of cement required in concrete and enhancing certain performance characteristics. Among the numerous SCMs studied,
agricultural waste ash and naturally occurring clay minerals have shown considerable promise, especially in resource-constrained
and agrarian countries like India.

2. RICE HUSK ASH (RHA) ~AGRICULTURAL BY-PRODUCT

Rice husk, a by-product of rice milling, constitutes about 20-22% of the total weight of rice. With rice being a staple crop in
countries such as India, China, Indonesia, and others, rice husk is generated in large quantities, leading to waste disposal
challenges. When burned under controlled conditions, rice husk yields Rice Husk Ash (RHA), which is rich in amorphous silica
(Si02)—often exceeding 85-90% by weight.
RHA is categorized as a highly reactive pozzolanic material, capable of reacting with calcium hydroxide (Ca(OH)2), a by-product
of cement hydration. This reaction forms additional calcium silicate hydrate (C—S—H) gel, which contributes to the densification
of the concrete microstructure and improves its long-term strength and durability.
2.1 Key benefits of using RHA in concrete include:

i. Enhanced compressive and flexural strength over time

ii. Reduced permeability and chloride penetration
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iil. Improved resistance to sulfate attack and alkali-silica reaction (ASR)
iv. Reduced heat of hydration, making it suitable for mass concreting applications

Moreover, the use of RHA promotes waste valorization, offering an eco-friendly solution for managing agricultural residues
while improving concrete performance.
2.2 Advantages of Using RHA in Concrete

i. Improves later-age compressive strength due to secondary C-S-H formation
ii. Reduces permeability, water absorption, and chloride diffusion

iii. Decreases heat of hydration, suitable for mass concrete.

iv. Enhances resistance to alkali-silica reaction (ASR)
V. Offers a sustainable solution for managing agro-industrial waste.

3. BENTONITE -POZZOLANIC MATERIAL
Bentonite is a naturally occurring clay formed from the alteration of volcanic ash, primarily composed of the montmorillonite
mineral. It has high cation exchange capacity, large specific surface area, and excellent water absorption and swelling properties.
Although traditionally used in applications such as drilling mud, geotechnical sealing, and pharmaceuticals, bentonite has gained
attention in recent years for its potential as a cement additive or partial replacement in concrete and mortar.
Unlike RHA, bentonite does not have high Pozzolanic reactivity on its own; however, its fineness, clay content, and filler effects
help improve the packing density of the concrete mix. When used in low proportions (typically up to 10—15%), bentonite can:

L. Increase workability due to its thixotropic nature

ii. Reduce bleeding and segregation
iil. Enhance chemical resistance, particularly against chlorides and sulfates
iv. Improve microstructural densification, leading to reduced porosity

The inclusion of bentonite also contributes to cost reduction, particularly in regions where it is readily available, and supports
sustainable sourcing practices
3.1 Synergistic Effects of RHA and Bentonite in Concrete
The combined use of RHA and bentonite as dual cement replacements introduces a synergistic effect. RHA contributes to the
pozzolanic reaction and strength development, while bentonite enhances workability and microstructure. This dual mechanism
may help address some of the drawbacks of using each material alone:
L. RHA tends to reduce workability due to its high surface area, but bentonite can counterbalance this with its
lubricating and water-retaining properties.
il. The delayed early strength from pozzolanic RHA may be compensated by the filler effect of bentonite, which
accelerates setting in some cases.
iil. Both materials contribute to reduced heat of hydration, enhancing thermal performance in large pours.

These characteristics make the RHA—bentonite system promising for use in low-carbon concrete, pervious pavements, blended
cements, non-structural components, and even structural members where appropriate performance is validated.

4. METHODS AND MATERIALS
The methodology for this experimental research follows a structured and scientific approach designed to study the effects of
replacing cement with rice husk ash (RHA) and bentonite in concrete. The process begins with the collection of materials,
which includes Ordinary Portland Cement (OPC), Rice Husk Ash (RHA), bentonite clay, fine and coarse aggregates, and
potable water. The rice husk ash is sourced from agro-waste and processed through controlled combustion to retain its
amorphous silica structure. Bentonite is obtained from natural clay sources and ground to a fine powder.
4.1 Cement
In this experimental study, Ordinary Portland Cement (OPC) 43 Grade is utilized as the primary binding material in the control
and modified concrete mixes. OPC 43 is one of the most widely used types of cement in India and is governed by IS 8112:2013.
It is known for providing adequate early strength and long-term durability, making it suitable for general civil construction work,
including residential and industrial structures. The number "43" indicates that the cement achieves a minimum compressive
strength of 43 MPa at 28 days, under standard testing conditions. This grade of cement is particularly chosen due to its balanced
performance in strength development, workability, and cost, which makes it ideal for comparative analysis in partial cement
replacement studies.

Table 1 Properties of Cement

S. No. Test Description Result
1 Fineness (by Blaine’s Apparatus) 321 m%kg
2 Standard Consistency 29%
3 Initial Setting Time 32 minutes
4 Final Setting Time 375 minutes
5 Soundness (Le-Chatelier method) 2.5 mm
9 Specific Gravity 3.14

4.2 Rice Husk Ash
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Rice Husk Ash (RHA) is utilized as a supplementary cementitious material (SCM) for partial replacement of Ordinary Portland
Cement (OPC) in concrete. RHA is obtained by burning rice husk—a major agricultural byproduct—under controlled
temperatures (500—700 °C) to preserve the amorphous form of silica, which is responsible for its pozzolanic activity. RHA
possesses high silica content, typically above 85%, making it effective in reacting with calcium hydroxide released during cement
hydration to form additional calcium silicate hydrate (C—S—H) gel. This contributes to improved strength and durability in concrete
over time. The ash used in this study was finely ground to pass through a 75-micron sieve to ensure adequate reactivity and
dispersion. RHA is also known to refine the pore structure of hardened concrete, thereby reducing permeability, water absorption,
and enhancing resistance to sulfate and chloride attacks.

Table 2 Physical Properties of RHA

S. No. Test Parameter Observed Value
1 Fineness (by Blaine's method) 365 m%kg
2 Specific Gravity 2.1
3 Moisture Content 1.80%
4 Loss on Ignition (LOI) 5.30%
5 Bulk Density 620 kg/m?
7 Colour Light Grey
3 Partl'cle Size (<75 micron 95% Passing
passing)

4.3 Bentonite

Bentonite is a naturally occurring clay material with high alumino-silicate content, primarily composed of montmorillonite, which
exhibits excellent swelling, water-retention, and pozzolanic properties. In this experimental study, bentonite is used as a partial
replacement for Ordinary Portland Cement (OPC) to enhance the durability and microstructure of concrete. Its ultrafine particle
size allows it to fill voids in the cement matrix, refining the pore structure and improving resistance to permeability and chemical
attacks. Bentonite also helps in reducing the heat of hydration, shrinkage, and sulfate-related deterioration, making it beneficial
in aggressive or sulfate-rich environments. However, due to its high water absorption capacity, it may reduce workability, and
proper adjustments to the water—cement ratio or superplasticizers are essential. The pozzolanic activity of bentonite is moderate
compared to silica-rich materials like rice husk ash, but its high fineness and binding properties make it effective for densifying
the concrete matrix. In this research, bentonite is incorporated in varying dosages (5%, 10%, 15%, and 20%) to analyze its effect
on compressive strength, workability, setting time, and durability.

Table 3 Physical Properties of Bentonite

S. No. Test Parameter Observed Value
1 Fineness (Sieve passing <75 pum) 96% Passing
2 Specific Gravity 245
4 Moisture Content 1.50%
9 Appearance Light brown powder

4.4 Fine Aggregate

Fine aggregate, commonly known as sand, is a fundamental component in concrete that fills voids between coarse aggregates and
enhances workability. In this study, Natural River sand conforming to IS 383:2016 is used as fine aggregate. It plays a critical
role in maintaining the cohesiveness, strength, and durability of the concrete mix. The selected sand belongs to Zone II as per
grading requirement, ensuring a balanced distribution of particle sizes for optimal packing. Proper testing of physical properties
such as grading, fineness modulus, specific gravity, and water absorption is essential to ensure that the fine aggregate does not
adversely affect the workability or strength of concrete, especially when blended with supplementary materials like RHA and
bentonite. The following table shows the lab-tested physical properties of the fine aggregate used in this experimental study.

Table 4 Physical properties of fine aggregate

S. No. Test Parameter Observed Value
1 Fineness Modulus 2.65
2 Specific Gravity 2.64
3 Water Absorption 1.30%
5 Bulk Density 1655 kg/m?
7 Grading Zone Zone 11
8 Moisture Content 1.10%
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Grading Curve for Fine Aggregate with Fineness Modulus 2.65
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Figure 1 Grading Cirve of Fine Aggregate
4.5 Coarse Aggregate
Coarse aggregate is one of the essential components of concrete that significantly influences its strength, durability, and stability.
In this study, crushed angular granite aggregate of maximum nominal size 20 mm is used, as it offers better interlocking and load
transfer than rounded aggregates. Coarse aggregate acts as the skeleton of the concrete matrix, reducing shrinkage and heat of
hydration while improving dimensional stability. Its physical characteristics, such as specific gravity, water absorption, impact
value, crushing strength, and flakiness index, play a crucial role in determining the mechanical performance of concrete.

Table 5 Physical properties of Coarse aggregate

S. No. Test Parameter Observed Value
| Nominal Maximum Size 20 mm
2 Specific Gravity 2.72
3 Water Absorption 0.80%
4 Bulk Density 1410 kg/m?
6 Aggregate Impact Value 21.50%
7 Aggregate Crushing Value 24.20%
8 Flakiness Index 15.80%
9 Elongation Index 18.30%
11 Surface Texture Rough/Angular

4.6 Test Conducted

4.6.1 Workability

4.6.1.1 Slump Cone

The slump cone test was conducted to assess the workability of fresh concrete mixes containing varying percentages of rice husk
ash (RHA) and bentonite as partial replacements for cement. This test was performed as per the guidelines of IS 1199:1959 using
the standard slump cone apparatus. The concrete was poured into the cone in three equal layers, each tamped 25 times, and the
slump value was measured after lifting the cone vertically. The slump values help determine the ease of placement and compaction
of the mix. Due to the high surface area and water demand of RHA and bentonite, a noticeable reduction in slump was observed
as the replacement percentage increased. Adjustments to water content or the use of a superplasticizer were made where necessary
to maintain a consistent workability across all test mixes.

4.6.2 Compressive Strength Test

The compressive strength test is the most fundamental assessment of concrete's structural capacity. Standard cube specimens of
size 150 mm X 150 mm x 150 mm were prepared and cured in water for 7, 14, and 28 days. The test was performed in accordance
with IS 516:1959 using a compression testing machine (CTM). Each cube was loaded until failure, and the maximum load was
recorded. This test provides insights into the concrete's ability to withstand axial loads. The results were used to compare the
strength development of the control mix (0% replacement) with mixes having varying percentages (5%, 10%, 15%, and 20%) of
RHA and bentonite. The pozzolanic reaction of RHA and the filler effect of bentonite contributed to strength gain over time,
especially at 28 days.

4.6.3 Split Tensile Strength

To evaluate the tensile performance of concrete, split tensile strength tests were conducted on cylindrical specimens measuring
150 mm in diameter and 300 mm in height. This test was carried out as per IS 5816:1999. In this method, the specimen was placed
horizontally in the testing machine and loaded along its diameter until failure. The tensile strength is calculated based on the
maximum load applied. This test indirectly measures the concrete’s tensile capacity and its resistance to cracking.

Concrete mixes with RHA and bentonite exhibited marginally improved tensile strength due to the densification of the matrix and
improved bond between particles, especially at moderate replacement levels.

4.6.4 Flexural Strength Test
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The flexural strength test evaluates the concrete’s ability to resist bending. Beam specimens of dimensions 100 mm x 100 mm X
500 mm were prepared and tested using the two-point loading method, in accordance with IS 516:1959. The specimens were
placed on supporting rollers, and load was applied at two points equally spaced from the supports. Flexural strength is critical for
pavements and structural members exposed to bending moments. RHA and bentonite, by refining the microstructure and reducing
voids, contributed to enhanced flexural capacity in mixes up to an optimal replacement percentage.

4.6.5 Water Absorption Test

To determine the porosity and permeability characteristics of hardened concrete, the water absorption test was conducted. This
test measures the amount of water absorbed by concrete samples when submerged for a fixed duration (usually 24 hours). The
concrete specimens were first oven-dried at 105°C, cooled, and weighed. Then they were immersed in water, and their weight
gain was measured. Water absorption is expressed as a percentage of dry weight. Lower water absorption indicates better
resistance to ingress of water and chemicals. Mixes with RHA and bentonite showed reduced water absorption due to pore
refinement and secondary hydration.

4.6.6 Sorptivity Test

The sorptivity test measures the capillary suction of water into unsaturated concrete. This test was conducted using cylindrical
specimens, which were oven-dried and then partially immersed in water to a depth of 5 mm. The water uptake was measured at
specific time intervals, and sorptivity was calculated using the increase in weight per square root of time. This test is important
to assess durability, especially in exposure to water and moisture. The fine particles of RHA and bentonite significantly reduced
sorptivity, indicating a denser and less porous concrete matrix.

4.6.7 Acid Resistance Test

The acid resistance test was conducted to study the chemical durability of concrete. Cube specimens were immersed in solutions
of 5% sulfuric acid (H2SO4) or hydrochloric acid (HCI) for a period of 28 days. After immersion, the specimens were visually
inspected, weighed, and tested for compressive strength again. Weight loss and strength degradation were recorded. Concrete
containing RHA and bentonite demonstrated better acid resistance, primarily due to the reduction of calcium hydroxide (which
reacts with acids) and the denser microstructure resulting from the pozzolanic and filler effects.

Table 6 Material and Grade

Parameter Value / Description
Grade of Concrete M25
Type of Cement OPC 43 Grade
Water—Cement Ratio (w/c) 04
Maximum Aggregate Size 20 mm
Fine Aggregate (F.A.) River sand — Zone 11
Coarse Aggregate (C.A.) Crushed angular granite
Chemical Admixture Superplasticizer (as required for slump)

5. Result and Discussion

5.1 Workability Test

The slump cone test was conducted on all concrete mixes to evaluate the workability of fresh concrete, which is a key indicator
of its ease of mixing, placing, and finishing. The test was carried out as per IS 1199:1959, and a constant water— cement ratio of
0.40 was maintained for all mixes. To counter the increased water demand due to the high fineness and absorptive nature of rice
husk ash (RHA) and bentonite, a superplasticizer (SP) at 1.0% by weight of total binder was incorporated in all mixes.

Slump Cone Test
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Figure 2 Slump cone Test Result
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5.2 Compressive strength Test
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The control mix (MO0) showed the highest compressive strength at all curing ages, with 37.8 MPa at 28 days, which meets the
target strength for M25 grade concrete. Mix M1 (5% replacement) achieved nearly identical strength to the control mix, with only
a 1.6% reduction at 28 days. This indicates that low-level partial replacement can be done without compromising strength,
especially when aided by a superplasticizer. With increasing replacement levels (M2 to M4), a gradual reduction in strength was
observed. However, all mixes still achieved compressive strength above 30 MPa at 28 days, which is structurally acceptable for
many applications. The strength gain trend from 7 to 28 days was consistent across all mixes, demonstrating the active pozzolanic
contribution of RHA and bentonite over time. Though early strength (7-day) was slightly lower in replacement mixes due to
delayed hydration, long-term strength was sufficiently developed, particularly in M1 and M2. The use of 1% admixture ensured
proper dispersion of particles and improved the microstructure, helping maintain workability and compressive strength even at
20% replacement.

COMPRESSIVE STRENGTH IN
N/MM?

= 7DAYS =7 DAYS 28 DAYS

40
30
20
10

Figure 2 Compressive strength of concrete with RHA and Bentonite
5.3 Flexural Strength

The conventional mix (M0) showed the highest flexural strength at all curing stages, with 4.95 MPa at 28 days, which is within
the expected range for M25 concrete. Mix M1 (5% replacement) showed almost the same strength as the control mix at all ages,
with only a marginal 1.4% reduction at 28 days. This confirms that a low-level cement replacement with RHA and bentonite does
not adversely affect the concrete’s ability to resist bending. Mixes with 10% and 15% replacement (M2 and M3) showed slight
reductions in flexural strength but still retained 95% to 90% of the control strength at 28 days. This indicates the pozzolanic
activity of RHA and the filler effect of bentonite contributed positively to flexural behavior. Mix M4 (20% replacement) showed
the lowest strength values, particularly at early ages, but still achieved 4.10 MPa at 28 days, which remains structurally acceptable
for moderately loaded members. The strength gains from 7 to 28 days were steady in all mixes, highlighting that the presence of
RHA and bentonite continues to improve matrix densification through secondary hydration over time. The use of 1%
superplasticizer helped achieve uniform dispersion and compactness, which preserved the concrete’s flexural strength even with
high cement replacement.
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Figure 3 Flexural Strength of different mix

5.4 Split Tensile Strength

The conventional mix (MO) recorded the highest split tensile strength at 28 days (3.42 MPa), as expected due to full cement
hydration and denser paste matrix. Mix M1 (5% replacement) showed almost increase in tensile strength, indicating that a
small replacement of cement with RHA and bentonite does not adversely affect the tensile behavior of concrete.

Mixes M2 and M3 showed moderate reductions in tensile strength (approx. 5—10%), yet they remained within the acceptable
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range for structural concrete, especially considering environmental benefits and cost savings from cement reduction. Mix M4
(20% replacement) had the lowest tensile strength values, particularly at early ages, due to the reduced availability of
cementitious material. However, the 28-day strength (2.89 MPa) still falls within practical limits for many construction
applications. The overall strength development pattern showed consistent gain from 7 to 28 days, indicating that pozzolanic
activity of RHA and filler densification from bentonite continued contributing positively over time.

SPLIT TENSILE STRENGTH IN

N/MM?2
=7 DAYS =14DAYS2 =28DAYS
3.42 3.49
2.93 29 3-25 3.1
2.5 251 °

O r N Wk

Figure 4 Split Tensile Strength of Different Mix

5.5 Water Absorption Test

The control mix (MO0) exhibited the lowest water absorption value of 1.71%, indicating a relatively dense and low- porosity
concrete matrix. As the percentage of cement replacement increased from 5% to 20%, a gradual increase in water absorption was
observed—from 1.83% to 2.47%.

This increase is attributed to:

The fine particle size and high surface area of RHA and bentonite, which introduce additional porosity if not well
compacted.
Slight delay in pozzolanic reaction at early stages, leaving unreacted voids that absorb water.

Water Absorption %

B Water Absorption %

2.47%
2.22%
1.71% 1.83% 1.96%
MO M1 5 s ”»

Figure 5 Water Absorption Test Result

However, up to 10% replacement (Mix M1 & M2), the increase in water absorption is relatively minor (<0.3%) and still within
acceptable durability limits.

Beyond 15% replacement, the increase becomes more significant, suggesting the mix becomes more porous, unless compensated
by further mix design optimization or supplementary materials.

The 1% admixture helped to reduce bleeding and improve particle dispersion, but at high replacement levels, its effect on
densification alone is limited.

5.6 Sorptivity Test

Sorptivity measures the rate of capillary water absorption and is a key indicator of the durability and pore structure of concrete.
The control mix (M0O) had the lowest sorptivity values (initial: 0.084 mm/min<sup>0.5</sup>, final: 0.045
mm/min<sup>0.5</sup>), indicating a dense matrix with reduced connectivity of pores. As the percentage of RHA and bentonite
increases, both initial and final sorptivity values rise, indicating an increase in pore interconnectivity and capillary suction.
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Sorptivity Test Result
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Figure 6 Sorptivity Test of concrete mix

Up to 10% replacement (M1 and M2), the increase is minor, suggesting the pozzolanic reaction of RHA and the micro- filler
effect of bentonite still help refine the pore structure. Beyond 15% replacement (M3 and M4), the increase becomes more notable,
reflecting the limitations in pozzolanic efficiency and potential excessive unreacted fines, resulting in increased capillary
pathways.

5.7 Acid Resistance Test

The control mix (M0) showed a 2.55% weight loss after immersion in 5% sulfuric acid for 28 days, which reflects moderate
resistance to acid attack, typical for normal OPC concrete. Mix M1 (5% replacement) performed slightly better than the control,
with a 2.43% weight loss, indicating a denser and more chemically stable matrix due to pozzolanic activity of RHA and micro-
filler effect of bentonite. Mix M2 (10% replacement) showed a small increase in weight loss (2.69%) but remained within a
durable range, suggesting that 10% replacement maintains acceptable acid resistance.

% of weight loss

4.00%
3.00%

2.00%
1.00% I
0.00%
M1 M2 M3

W % OF weight loss

M4

Figure 7 Acid Resistance Test Result of Different Mix
As replacement increased to 15% and 20%, the acid resistance declined noticeably:

i. M3 (15%) showed 3.07% weight loss
ii. M4 (20%) showed 3.57% weight loss, along with visible surface degradation

The decline in acid resistance at higher replacement levels can be attributed to:

i.  Reduced calcium hydroxide content for secondary pozzolanic reaction
ii.  Higher porosity due to excessive fines
iil. Increased permeability, which allows acid penetration

Surface inspections revealed that M1 and M2 retained good physical integrity, while M3 and M4 developed visible scaling
and roughness.

6. CONCLUSION
1. Workability (Slump Test)

i The slump decreased with increasing replacement levels of RHA and bentonite due to their higher
water absorption capacity and fine particle nature.
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ii.
iii.
iv.

Use of 1% superplasticizer effectively compensated for this loss, maintaining acceptable workability.
Maximum slump: 92 mm for 5% replacement (M1); minimum: 81 mm for 20% replacement (M4).
Conclusion: Workability remains acceptable up to 15% replacement with admixture. Beyond that, mix
becomes stiff.

2. Compressive Strength

i
ii.
1il.
iv.

Strength decreases gradually as the percentage of cement replacement increases.

M1 (5%) and M2 (10%) show minimal reduction compared to control, still above 35 MPa at 28 days.
M4 (20%) achieved 30.6 MPa, acceptable for moderate applications.

Conclusion: Cement replacement up to 10% is ideal without compromising structural strength.

3. Flexural Strength

i

Minor reduction observed with increasing replacement levels.

5% and 10% mixes (M1 & M2) retained over 95% of control mix’s flexural strength at 28 days.
20% mix still achieved 4.10 MPa, above minimum flexural requirements.

Conclusion: RHA and bentonite contribute positively up to 10%, with minor losses thereafter.

4. Split Tensile Strength

i.
ii.
il.
iv.

A similar trend to compressive strength was noted.

M1 and M2 retained tensile strength close to control (3.42 MPa), with only minor decline.

Even M4 (20%) showed 2.89 MPa, acceptable for lower load-bearing elements.

Conclusion: Adequate tensile strength is maintained up to 10% replacement; strength remains structurally
usable even at 20%.

5. Water Absorption

i

ii.

iii.

iv.

6. Sorptivity

i

ii.
jii.
iv.

Increased replacement levels led to gradual increase in water absorption, from 1.71% (MO) to 2.47% (M4).
The fine nature of RHA and bentonite increased porosity slightly.

All mixes stayed within acceptable limits for water absorption.

Conclusion: Water absorption remains moderate and acceptable up to 15% replacement.

Initial and final sorptivity values increased slightly with increased replacement.

MO: 0.084 mm/min<sup>0.5</sup>; M4: 0.101 mm/min<sup>0.5</sup>.

Mixes with up to 10% replacement showed minimal sorptivity change.

Conclusion: Concrete remains durable with <10% replacement; higher replacements lead to increased
capillary suction.

7. Acid Resistance

i.
ii.
jii.
iv.

Weight loss increased with higher RHA and bentonite content in sulfuric acid solution.
M1 showed better resistance than control (2.43% vs. 2.55% weight loss).

M4 showed highest degradation (3.57%), including visible erosion.

Conclusion: Acid resistance is slightly improved up to 5% replacement. Higher levels increase vulnerability.
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