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INTRODUCTION

Concrete is the most widely produced construction material in the world, and Portland cement
is its principal binder. Annual cement production exceeds 4 billion tonnes and is expected to keep
growing, so that cement manufacturing alone accounts for roughly 8% of global carbon dioxide
emissions (Endale et al., 2023). Aligning the cement and concrete sector with international climate
targets therefore requires practical measures that lower the clinker content of concrete without
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sacrificing strength or durability. One of the most economical measures is the partial replacement of
cement by supplementary cementitious materials (SCMs), including those derived from agricultural by-
products and industrial wastes (Endale et al,, 2023; He et al,, 2020; Zerihun et al.,, 2022).

Rice husk is one of the most abundant agricultural residues in rice-producing countries. Global
paddy production was forecast at 714.2 million tonnes for the 2021/22 season, which corresponds to
roughly 142.8 million tonnes of husk, and each tonne of paddy yields about 0.05 tonnes of ash after
burning (Endale et al., 2023). Indonesia is among the largest rice producers in the world, and the
disposal of husk and ash in open dumps or by uncontrolled burning creates environmental problems.
Because rice husk is abrasive and rich in silica, it degrades slowly in nature and is a potential pollutant
(Endale et al.,, 2023). Converting this residue into a cementitious material addresses waste management
and cement reduction at the same time.

The pozzolanic value of rice husk ash depends on its amorphous silica content, its fineness, and
its carbon content, all of which are governed by the burning temperature, burning duration, and
grinding (Endale et al., 2023; Thiedeitz et al., 2020). Burning between roughly 400°C and 1,100°C can
produce RHA with high pozzolanic activity, provided that the silica remains largely amorphous (Endale
et al,, 2023). Well-burned and finely ground RHA typically contains more than 70% silica and satisfies
the pozzolanic requirements of ASTM C618 (Endale et al., 2023). Comprehensive reviews conclude that
the mechanical properties of RHA concrete increase with RHA content up to an optimum level,
commonly between 10% and 20% cement replacement, beyond which strength and workability decline
(Endale et al., 2023; Siddika et al., 2021). The durability benefits of RHA, including lower water
absorption, reduced chloride penetration, and improved sulfate resistance, are attributed to pore
refinement and the formation of additional calcium silicate hydrate (C-S-H) (Endale et al., 2023; Siddika
et al, 2021). RHA has also been studied in high-strength concrete (Hasan et al., 2022), engineered
cementitious composites (Zhang et al., 2020), concrete with nano-silica extracted from RHA (Tran et al.,
2021), blends with calcined clay for self-compacting concrete (Muhammad et al., 2021), and Portland
pozzolana cement (Tulashie et al.,, 2021). Other studies have examined acid-leached RHA (Kwan &
Wong, 2020), the difference between field-burned and laboratory-burned ash (Thiedeitz et al., 2020),
and the hydration behavior of RHA-blended cement (Marangu et al., 2020).

The pozzolanic reaction consumes calcium hydroxide, Ca(OH),, which is released by cement
hydration (Endale et al., 2023). When a large part of the cement is replaced by RHA, less calcium
hydroxide is produced, and the reaction may become limited by the lime available in the paste.
Supplying additional hydrated lime is a plausible way to sustain the reaction, and lime is inexpensive
and widely available. Reports on the combined use of RHA and lime as a partial cement replacement in
concrete appear to be less numerous than those on RHA alone. One example is the study of Omotainse
etal. (2024), who used RHA calcined at 500-700°C and slaked lime in a response-surface experimental
design and found that a 10% RHA replacement gave the highest compressive and flexural strength at 7,
28, and 90 days. Further experimental evidence, especially for locally available materials and for
concrete of ordinary structural grade, is still needed.

The objective of this study is to evaluate the effect of partially replacing cement with RHA and
hydrated lime on the fresh, mechanical, and physical properties of a 25 MPa concrete. Specifically, the
study aims to (i) characterize the RHA used, (ii) quantify the changes in workability and unit weight, (iii)
determine the compressive, splitting tensile, and flexural strengths at different curing ages, (iv) assess
water absorption and permeable voids as indicators of durability, and (v) identify the replacement level
that achieves the target strength with the lowest cement content. The novelty of the work lies in
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combining RHA with a small, fixed dosage of hydrated lime across a graded range of RHA contents, and
in evaluating the results through both strength and cement-efficiency criteria.

METHODS
1. Materials

Ordinary Portland cement (Type I) conforming to SNI 2049:2015 was used as the main binder.
Rice husk was collected from a local rice mill in Karawang, West Java, Indonesia, and burned under
controlled conditions in an electric muffle furnace at 600°C for 2 hours, following the range that has
produced reactive ash in earlier work (Endale et al.,, 2023; Omotainse et al., 2024). The ash was ground
in a ball mill for 30 minutes and passed through a No. 200 (75 pm) sieve. Commercial hydrated lime
(Ca(OH)2) with a purity of 95% was used as the lime source. Natural river sand (fine aggregate) and
crushed stone with a maximum size of 20 mm (coarse aggregate) were obtained from a local quarry in
Bogor, West Java, Indonesia, and clean tap water was used for mixing and curing. The physical
properties of all materials are listed in Table 1, and the oxide composition of the RHA determined by X-
ray fluorescence (XRF) is listed in Table 2 together with the ASTM C618 limits for pozzolans (Endale et
al.,, 2023).

Table 1. Physical properties of the materials.

Hydrated
Property Cement RHA ylirl:ee Fine agg. Coarse agg.
Specific gravity 3.15 2.12 2.30 2.65 2.70
Fineness / passing No.
95 93 98 — —

200 (%)
Blaine or BET surface 340 8,500 1200 . .
area (mz/kg)
Water absorption (%) — — — 1.2 0.8
Fineness modulus — — — 2.80 6.90
Maximum aggregate

_ — — — — 20
size (mm)
Bulk density (kg/m3) 1,440 650 800 1,580 1,520

Table 2. Oxide composition of RHA by XRF (% by mass) and ASTM C618 requirements.

Oxide / property RHA (this study) ASTM C618 Class N/F requirement
SiO; 87.5 —

Al;03 2.1 —

Fe;03 1.6 —

SiO2 + AlLO3 + Fe;03 91.2 >70.0

Ca0 1.2 —

K20 / MgO / Naz0 / others 1.5 —

SO3 0.3 <4.0

Loss on ignition (LOI) 5.8 <10.0 (Class N); < 6.0 (Class F)
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The XRF analysis shows that the RHA contains 87.5% SiO, and the sum of SiO2, Al,O3, and Fe;03
is 91.2%, which satisfies the minimum of 70% required for a pozzolan by ASTM C618. The loss on
ignition is 5.8%, within the permitted limit for Class F pozzolans. The specific gravity of the ash is 2.12,
lower than that of the cement (3.15), and 93% of the particles passed the No. 200 sieve. The XRD pattern
exhibited a broad amorphous hump around 26 = 22°, confirming the amorphous nature of the silica.

2. Mix Proportions

The concrete was designed for a target compressive strength of 25 MPa at 28 days following the
procedure of SNI 7656:2012. A constant water-to-binder ratio of 0.50, a free-water content of 205 kg/m3
(slump of 75-100 mm, maximum aggregate size 20 mm), and therefore a total binder content of 410
kg/m3 were adopted for all mixtures. Binder is defined as cement + RHA + hydrated lime. In the control
mixture (M0), cement was the only binder. In mixtures RL1 to RL4, RHA replaced 5%, 10%, 15%, and
20% of the cement mass, and hydrated lime replaced a further 2.5%, so that total cement replacement
was 7.5%, 12.5%, 17.5%, and 22.5%, respectively. The range of RHA content was selected because
earlier reviews report that RHA can replace roughly 10-20% of cement without compromising
performance (Endale et al., 2023). The resulting proportions are listed in Table 3. No chemical
admixture was used, so that the effect of the RHA-lime blend on workability could be observed directly.

Table 3. Mix proportions per cubic meter of concrete (design values).

Mix RHA Lime Cement RHA Lime Water w/b Fine Coarse
(%) (%)  (kg) (kg) (kg) (kg) agg. (kg) agg. (kg)
MO (control) 0 0 410.00 0.00 0.00 205 0.50 685 1,045
RL1 5 2.5 379.25  20.50 10.25 205 0.50 680 1,040
RL2 10 2.5 358.75 41.00 10.25 205 0.50 675 1,035
RL3 15 2.5 338.25 61.50 10.25 205 0.50 670 1,030
RL4 20 2.5 317.75 82.00 10.25 205 0.50 665 1,025

RHA and lime percentages are by mass of cement in the control mixture (410 kg/m3). Aggregate contents
were adjusted to maintain a constant absolute volume, accounting for the lower specific gravity of RHA
and lime.

Example of the absolute-volume calculation for MO:
a) Cement volume =410 / (3.15 x 1,000) = 0.1302 m3
b) Water volume =205 / 1,000 = 0.2050 m3
¢) Entrapped air volume = 0.0200 m3 (2%)
d) Total aggregate volume =1 - 0.1302 - 0.2050 - 0.0200 = 0.6448 m3
e) Fine : coarse aggregate ratio = 40 : 60
f) Fine aggregate: 0.4 x 0.6448 = 0.2579 m3, mass = 0.2579 x 2.65 x 1,000 = 683.5 kg ~ 685 kg
g) Coarse aggregate: 0.6 x 0.6448 = 0.3869 m3, mass = 0.3869 x 2.70 x 1,000 = 1,044.6 kg ~ 1,045
kg

3. Specimens and Test Program

For each mixture, cylindrical specimens (100 mm diameter x 200 mm height) were cast for
compressive and splitting tensile tests, prismatic beams (100 x 100 x 400 mm) for flexural tests, and
additional cylinders for water absorption and permeable voids. Specimens were compacted in three
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layers with a tamping rod, covered with plastic sheets for 24 hours, demolded, and cured in a water tank
at 27 + 2°C following SNI 2493:2011 until testing. Three specimens were tested per mixture and age,
and the mean and standard deviation were calculated. The complete test program is summarized in
Table 4, and the overall research flow is illustrated in Figure 1.

Table 4. Test program, standards, and number of specimens.

A Speci
Test Standard Specimen ges pec1m(.ens Total
(days) per mix
Slump SNI 1972:2008 Fresh concrete Fresh 1 5
, , SNI11974:2011 / ,

Unit weight ASTM C138 Cylinder 28 3 15
Compressive Cylinder

SNI1974:2011 7,28,56 9 45
strength 100x200
Splitting tensile Cylinder

SNI 2491:2014 28 3 15
strength 100x200

Beam

Flexural strength SNI 4431:2011 100x100%400 28 3 15
Water absorption, Cylinder

ASTM C642 28 3 15
permeable voids 100x200
Total 105

Literature review
v

Material preparation
(RHA burning, grinding, sieving)

¥

Material characterization
(XRF, XRD, physical properties)

v

Mix design (SNI 7656:2012)

¥

Specimen casting

¥

Curing (27 = 2 °C)

¥

Fresh test: slump

v

Hardened tests: compressive strength (7, 28, 56 d);
splitting tensile, flexural, absorption and voids (28 d)

¥

Data analysis
(ANOVA, Tukey HSD, cement efficiency)

v

Conclusions

Figure 1. Research flow of the experimental program.
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4. Testing Procedures

The slump of each fresh mixture was measured immediately after mixing in accordance with SNI
1972:2008. Compressive strength was determined using a compression testing machine at a loading
rate of 0.25 * 0.05 MPa/s until failure, and the strength was calculated as the maximum load divided by
the cross-sectional area. Splitting tensile strength was computed as shown in Equation (1), where P is
the maximum load, L is the specimen length, and D is the specimen diameter. Flexural strength was
measured by two-point loading over a 300 mm span, and the modulus of rupture was computed as
shown in Equation (2) for fractures within the middle third of the span.

fip === )
fi=rs @

Water absorption and the volume of permeable voids were determined following ASTM C642,
which was also the procedure used in earlier RHA studies (Endale et al., 2023). Specimens were oven-
dried at 105 * 5°C to constant mass (A4), immersed in water for 48 hours to obtain the saturated surface-
dry mass (B), boiled for 5 hours to obtain the mass C, and weighed in water to obtain the apparent mass
D. Absorption after immersion was calculated using Equation (3), absorption after immersion and
boiling using Equation (4), and the volume of permeable voids using Equation (5).

Absorption after immersion = ? x 100% (3)
Absorption after immersion and boiling = C‘%A %X 100% (4)
Volume of permeable voids = % x 100% (5)

5. Data Analysis

Results are reported as the mean of three specimens * one standard deviation, together with the
coefficient of variation (CV). The effect of the mixture on each property was examined by one-way
analysis of variance (ANOVA) at a significance level of a = .05, followed by Tukey’s honestly significant
difference (HSD) test for pairwise comparison. To compare the efficiency of cement use, a cement
efficiency index was defined as the 28-day compressive strength divided by the cement content per
cubic meter (MPa per 100 kg of cement), and the cement saved relative to the control was computed
from Table 3. Relative strength was expressed as the ratio of the strength of each mixture to that of the
control mixture at the same age.

RESULTS
1. Characterization of RHA

The XRF analysis (Table 2) showed that the RHA contained 87.5% SiO», and the sum of SiO,,
Al>03, and Fe;03 was 91.2%, which satisfies the minimum of 70% required for a pozzolan by ASTM C618.
The loss on ignition was 5.8%, within the permitted limit. The specific gravity of the ash was 2.12, lower
than that of the cement (3.15), and 93% of the particles passed the No. 200 sieve. The XRD pattern
showed a broad amorphous hump around 26 = 22° confirming that the silica in the RHA is
predominantly amorphous and therefore highly reactive.

2. Fresh Properties and Unit Weight

The slump and the unit weight of the mixtures are given in Table 5. The control mixture had a
slump of 95 mm. As the RHA content increased from 5% to 20%, the slump decreased to 62 mm, a
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change of -34.7% relative to the control. The unit weight of the hardened concrete at 28 days varied
between 2,320 and 2,385 kg/m3.
Table 5. Slump and unit weight of the concrete mixtures.

Mix Slump (mm)  Change vs. MO (%) Unit Vzl‘:lgg/l;gt 28d CV (%)
MO 95 0 2,385 1.2
RL1 88 -7.4 2,370 11
RL2 80 -15.8 2,355 1.3
RL3 71 -25.3 2,340 1.0
RL4 62 -34.7 2,320 1.4

The slump decreased monotonically with increasing RHA content. This reduction is attributed
to the high specific surface area of RHA (8,500 m2/kg), which absorbs part of the mixing water and
increases the internal friction of the fresh mixture. The unit weight also decreased slightly with
increasing RHA content, reflecting the lower specific gravity of RHA (2.12) compared with cement
(3.15).

3. Compressive Strength

Table 6 and Figure 2 present the compressive strength development at 7, 28, and 56 days. At 28
days, the control mixture reached 26.4 + 0.8 MPa, compared with the target of 25 MPa. The mixtures
RL1, RL2, RL3, and RL4 reached 27.1, 27.8, 26.2, and 24.1 MPa, respectively, corresponding to relative
strengths of 102.7%, 105.3%, 99.2%, and 91.3% of the control. The highest 28-day strength was
obtained by RL2 (10% RHA + 2.5% lime) at 27.8 MPa. At 56 days, the strength of the RHA-lime mixtures
increased by 11-13% relative to their 28-day values, compared with 6% for the control. At the early age
of 7 days, the RHA-lime mixtures reached 72-85% of the strength of the control.

Table 6. Compressive strength (MPa, mean * SD) and relative strength (% of MO at the same

age).
Rel. 28 d Rel. 56 d
Mix 7d 28d 56d Rel. 7 d (%) (%) (%)
MO 18.2+0.6 26.4+0.8 28.0 £ 0.7 100 100 100
RL1 15.5%0.5 27.1+0.7 30.1+0.6 85.2 102.7 107.5
RL2 14.8+0.6 27.8+0.9 31.2+0.8 81.3 105.3 111.4
RL3 13.8+0.5 26.2 0.6 29.5+0.7 75.8 99.2 105.4
RL4 13.1+0.7 24.1+0.8 26.8+0.9 72.0 91.3 95.7
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35 1 [ 7days @ 28 days HEE 56 days
31.2

30.1

Compressive strength (MPa)

MO RL1 RL2 RL3 RL4

Figure 2. Compressive strength of the mixtures at 7, 28, and 56 days (dashed line = 25 MPa
target)

The strength development shows a clear optimum at 10% RHA replacement (RL2). At this level,
the pozzolanic reaction between amorphous silica in RHA and calcium hydroxide from cement
hydration produces additional C-S-H gel, which refines the pore structure and increases strength. The
addition of 2.5% hydrated lime provides supplementary calcium hydroxide, sustaining the pozzolanic
reaction even at higher replacement levels. At 20% RHA (RL4), the strength falls below the control
because the dilution effect of cement outweighs the pozzolanic contribution, and the available lime
becomes insufficient to react with all the silica.

4. Splitting Tensile and Flexural Strength
The splitting tensile and flexural strengths at 28 days are presented in Table 7. The splitting
tensile strength of the control was 2.85 MPa, and the RHA-lime mixtures ranged between 2.62 and 3.12
MPa. The flexural strength of the control was 4.12 MPa, and the maximum flexural strength of 4.45 MPa
was obtained by RL2. The ratio of splitting tensile strength to compressive strength was between 10.8%
and 11.2%.
Table 7. Splitting tensile and flexural strength at 28 days (MPa, mean * SD).

Mix Splitting tensile f;p fso / fc (%) Flexural f; It/ fc (%)
MO 2.85+0.12 10.8 412 +0.15 15.6
RL1 298 £0.10 11.0 4.28+0.12 15.8
RL2 3.12+0.11 11.2 4.45+0.14 16.0
RL3 2.88+0.13 11.0 418 +0.16 16.0
RL4 2.62 +0.14 10.9 3.85+0.18 16.0

The splitting tensile and flexural strengths followed the same trend as the compressive strength,
with a maximum at RL2. The ratios fs,/fc and f:/f. were slightly higher for the RHA-lime mixtures than
for the control, indicating that the tensile performance was preserved or even improved relative to
compressive strength. This is consistent with the findings of Omotainse et al. (2024), who reported the
maximum splitting tensile strength at 10% RHA replacement.
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5. Water Absorption and Permeable Voids
Table 8 summarizes the water absorption and the volume of permeable voids at 28 days. The
absorption after immersion decreased from 4.8% for the control to 3.9% for RL2, and the volume of
permeable voids ranged from 10.2% to 12.8%. The trend was not monotonic; absorption reached a
minimum at RL2 (10% RHA) and increased again at higher replacement levels.
Table 8. Water absorption and volume of permeable voids at 28 days (%, mean # SD).

Misx Absorption after Absorption after Volume of permeable
immersion immersion and boiling voids

MO 4.8+0.2 56+0.2 128+ 0.4

RL1 4.5+0.2 52+0.3 12.1+0.3

RL2 39+0.1 4.6+0.2 10.2+0.3

RL3 4.2 +0.2 49+0.2 11.0+0.4

RL4 4.6+0.3 54+0.3 124 +0.5

The reduction in water absorption and permeable voids at RL2 indicates a denser matrix,
consistent with the pore refinement caused by the pozzolanic reaction. At higher RHA contents (RL3
and RL4), the absorption increases again, which agrees with the observation that excessive RHA can
lead to more porous concrete due to the dilution effect and incomplete pozzolanic reaction.

6. Statistical Analysis
One-way ANOVA indicated that the mixture had a significant effect on the 28-day compressive
strength (F(4, 10) = 8.42, p = .003). Tukey’s HSD test showed that RL1, RL2, and RL3 did not differ
significantly from the control, while RL4 differed significantly (Table 9).
Table 9. One-way ANOVA of the 28-day properties (a =.05).

Mixtures not different from MO

Property F(4,10) p-value Significant? (Tukey)
Compressive strength 8.42 .003 Yes RL1, RL2, RL3
igt:;ﬁ tensile 5.67 012 Yes RL1, RL2, RL3
Flexural strength 6.23 .008 Yes RL1, RL2, RL3
Water absorption 7.15 .005 Yes RL1, RL3

7. Cement Efficiency

Because RHA and lime replace part of the cement, the same 410 kg/m3 binder contains less
clinker. As shown in Table 10, mixtures RL1 to RL4 use 30.75, 51.25, 71.75, and 92.25 kg less cement
per cubic meter than the control, corresponding to cement savings of 7.5%, 12.5%, 17.5%, and 22.5%.
The cement efficiency index of the control was 6.44 MPa per 100 kg of cement, whereas the highest
index of 7.75 was obtained by RL2 and RL3. The highest replacement level that still achieved = 25 MPa
at 28 days was RL3 (17.5% total replacement).
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Table 10. Cement content, cement saved, and cement efficiency index.

Cement Cement Cement 28-d Efficiency
Mix (kg/m?) saved saved (%) strength (MPa/100kg =25 MPa?
g (kg/m3) 0 (MPa) cement)
MO 410.00 0.00 0.0 26.4 6.44 Yes
RL1 379.25 30.75 7.5 27.1 7.15 Yes
RL2 358.75 51.25 12.5 27.8 7.75 Yes
RL3 338.25 71.75 17.5 26.2 7.75 Yes
RL4 317.75 92.25 22.5 24.1 7.58 No

DISCUSSION
1. Effect of RHA and Lime on Workability

Workability is expected to decrease as the RHA content rises. Published results show that the
slump and compacting factor of RHA concrete decrease with increasing RHA content, because the ash is
porous, has a very large specific surface area, and absorbs part of the mixing water, which lowers the
amount of free water (Endale et al., 2023). Because RHA is finer than cement, it also increases the total
specific surface of the binder and the frictional resistance to flow, and RHA mixtures therefore require
more water or more admixture to reach the same consistency (Endale etal.,, 2023). Hydrated lime, being
a very fine powder, may add to this water demand. The reduction of slump from 95 mm to 62 mm
observed in this study agrees with these reports. From a practical standpoint, mixtures with more than
15% RHA would need a water-reducing admixture to keep the slump within the range of 75-100 mm.

2. Strength Development and the Role of Lime

The strength of RHA concrete generally rises with RHA content up to an optimum and falls
thereafter (Endale et al., 2023). Two mechanisms explain the initial gain. The first is the pozzolanic
reaction: amorphous silica in RHA reacts with calcium hydroxide in the presence of water to form
additional C-S-H gel, which fills the pores and increases strength. The second is the filler effect: fine RHA
particles fill the voids between cement grains, densifying the matrix. In this study, the optimum 28-day
strength was obtained at 10% RHA (RL2), which is consistent with the range reported in the literature
(Endale et al., 2023; Omotainse et al., 2024). The addition of 2.5% hydrated lime appears to have
sustained the pozzolanic reaction at higher replacement levels, as RL3 still achieved 99.2% of the control
strength despite a 17.5% total replacement. At 20% RHA (RL4), the strength fell below the control
because the dilution effect of cement outweighed the pozzolanic contribution, and the available lime
became insufficient to react with all the silica.

3. Splitting Tensile and Flexural Strength

The splitting tensile and flexural strengths followed the same trend as the compressive strength,
with a maximum at RL2 (10% RHA + 2.5% lime). This is consistent with the findings of Omotainse et al.
(2024), who reported the maximum splitting tensile strength at 10% RHA replacement. The ratios fsp/f<
and fi/fc were slightly higher for the RHA-lime mixtures than for the control, indicating that the tensile
performance was preserved or even improved relative to compressive strength. This suggests that the
pozzolanic reaction and pore refinement contributed to a more homogeneous and denser matrix, which
benefits both compressive and tensile behavior.
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4. Water Absorption and Durability Implications

Water absorption and permeable voids are simple indicators of pore connectivity. The
pozzolanic reaction and the filler effect refine the pore structure, and reductions in water absorption
with RHA have been reported by many authors (Endale et al., 2023). For example, a mortar with 20%
RHA showed a water absorption about 14% lower than the control mix in the study of Kameshwar et
al,, as summarized in Endale et al. (2023). At high replacement levels, however, absorption may rise
again, and higher water absorption is associated with lower compressive strength (Endale et al.,, 2023).
The reduction of water absorption from 4.8% to 3.9% for RL2 is in line with these findings and indicates
a denser matrix. At higher RHA contents (RL3 and RL4), the absorption increased again, which agrees
with the observation that excessive RHA can lead to more porous concrete. Because absorption and
permeable voids are only indirect indicators, additional tests such as the rapid chloride permeability
test, sulfate exposure, and carbonation depth are recommended before the mixtures are used in
aggressive environments.

5. Sustainability and Practical Implications

The main environmental benefit of the RHA-lime blend is the reduction of clinker content. In the
mixtures studied here, cement use was reduced by 30.75 to 92.25 kg per cubic meter, i.e., 7.5% to 22.5%
(Table 10). Since cement manufacturing is responsible for about 8% of global CO, emissions (Endale et
al,, 2023), each kilogram of cement saved contributes to lower emissions, and the use of an agricultural
waste that would otherwise be dumped or burned adds a waste-management benefit (Endale et al,,
2023). The optimum mixture from a strength standpoint may not be the optimum from a sustainability
standpoint; therefore the cement efficiency index (Table 10) is a useful criterion. The mixture with the
highest replacement level that still meets 25 MPa is RL3 (17.5% total replacement), which saves 71.75
kg of cement per cubic meter. Local production of RHA in controlled furnaces, together with
standardized grinding, is needed to guarantee consistent ash quality if the material is to be used in
practice (Endale et al., 2023; Thiedeitz et al., 2020).

6. Limitations and Future Work

This study has several limitations. First, only one RHA source and one lime dosage (2.5%) were
investigated, so the interaction between RHA and lime content could not be separated; a factorial design
with several lime dosages, or a response-surface design as in Omotainse et al. (2024), would resolve
this. Second, durability was assessed only through water absorption and permeable voids. Third, curing
was limited to 56 days, whereas RHA blends may continue to gain strength later (Endale et al., 2023).
Future work should include microstructural analysis (XRD, SEM/EDX, thermogravimetry), chloride and
sulfate resistance, shrinkage, and a life-cycle assessment to quantify the CO, savings. Finally, testing
under field-scale production conditions is needed to confirm the results for structural elements.

CONCLUSIONS
This study examined the partial replacement of cement by rice husk ash and hydrated lime in 25
MPa concrete, using a control mixture and four mixtures with 5-20% RHA and 2.5% lime at a constant
water-to-binder ratio of 0.50. Based on the experimental results, the following conclusions are drawn:
1. The RHA used contained 87.5% SiO; and a loss on ignition of 5.8%, meeting the ASTM C618
requirements for a pozzolan.
2. Slump decreased from 95 mm to 62 mm as the RHA content increased from 0% to 20%, showing
that a higher water demand must be compensated by additional water-reducing admixture.
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3. The 28-day compressive strength was highest for RL2 (10% RHA + 2.5% lime) at 27.8 MPa, 5.3%
higher than the control (26.4 MPa). Mixtures up to 17.5% total replacement met the target
strength of 25 MPa.

4. Splitting tensile and flexural strengths followed the same trend, with maxima of 3.12 MPa and 4.45
MPa, respectively.

5. Water absorption decreased to 3.9% and the volume of permeable voids to 10.2% for RLZ2,
indicating a denser matrix.

6. The optimum mixture in terms of cement efficiency was RL2, which saved 51.25 kg of cement per
cubic meter (12.5%) while satisfying the strength requirement, supporting the use of RHA and
lime for environmentally friendly concrete.

It is recommended that future work examine several lime dosages, longer curing ages, and
durability indicators such as chloride penetration and sulfate resistance.
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    f sp =   2 P  π L D


    f r =   P L  b   d 2


  Absorption after immersion =   B − A  A × 100 %


  Absorption after immersion and boiling =   C − A  A × 100 %


  Volume of permeable voids =   C − A  C − D × 100 %

