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Abstract

The increasing volume of Construction and Demolition (C&D) waste globally presents both a challenge and an
opportunity—that is, utilizing the demolished concrete as aggregate in recycled concrete. However, due to high
porosity and weak Interfacial Transition Zones, these recycled aggregates are less durable in adverse environments
like seawater, and industrial effluent, where sulfate and chloride ions often lead to the deterioration of RC
structures. Rice husk ash (RHA), an agricultural by-product with high pozzolanic activity, may help address these
durability concerns. This study examined the combined sulfate and chloride resistance of RHA concrete when
paired with Recycled Brick-Concrete Aggregate (RBCA) in various replacement ratios. In 15 different mixes, a
total of 90 cylinders and 90 prisms were cast and cured in Lime-saturated water for 28 days. Afterwards, half of
the specimens were immersed in a 5% Na,SO4 and NaCl solution. After 90 days of curing, specimens were tested
for flexural and compressive strength. Results showed that RHA improved resistance to sulfate and chloride ions
and rather than lowering, it actually increased the strength in concrete in the exposure of Sulfate and chloride ion.

Keywords: Rice Husk Ash; Recycled Brick-Concrete Aggregate; Sulfate Resistance; Chloride Resistance;
Durability

1 Introduction

As cement and concrete production have emerged as significant contributors to greenhouse gas emissions,
particularly Carbon dioxide (CO>), there is an urgent need for decarbonisation efforts. Cement industry, being one
of the highest energy consumers and CO; emitter worldwide, it is currently responsible for nearly 5% of the total
global industrial energy consumption and 5% to 8% of global anthropogenic CO, emissions every year (Cheng et
al., 2023). Meanwhile, concretes’ high dependency on cement and natural resources, like crushed stones and sand,
amplifies environmental concern. In Bangladesh, use of brick as a coarse aggregate in concrete is very widespread
than stone chips due to its availability and low cost(Akter et al., 2016). However, a statistical study revealed that
in 2017 alone, with 23 billion of brick production, our country contributed to 15.67 million tons of CO; production
(DoE, 2017). So, it is evident that we need to reduce demand for cement, virgin aggregates (Stone and Sand) and
bricks and find their suitable alternatives to reduce carbon footprint.

Recycled aggregate can be used as an alternative to natural aggregate. They are usually made up from old concrete
blocks which were made either from crushed stones or bricks or from crushing recycled old bricks from brick
walls. It was shown by researchers that concrete made from these recycled aggregates generally has lower
compressive strength compared to those made with virgin stone chips. Rahal in 2007, used different percentages
of Recycled Stone-Concrete Aggregate (RSCA) and stone chips as coarse aggregate to make Recycled Aggregate
Concrete (RAC) (Rahal, 2007) and found that RACs’ compressive and indirect shear strength is around 90% of
the control one. In another study, RAC was made with different percentages of Recycled Brick Aggregate (RBA)
and stone chips as coarse aggregate (Xu et al., 2022) and found that compressive strength decreases with increasing
w/c ratio and replacement percentage.

However, they become more vulnerable in presence of sulfate and chloride ions, which is commonly noticed in
soils, seawater and industrial wastes. Sulfate ions alone, are harmful for cement concrete. They reach to the
hydration products of concrete through pore structure and then react and convert them into harmful products like-
Ettringite, Gypsum and Thaumasite(J. Marchand et al., 2001). These substances affect the long-term durability by
softening and cracking the concrete while possessing lower strength value. However, when they are combined with
Chloride ions, their effect lessens. One group of researchers (Al-Amoudi et al., 1995) conducted an experiment on
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mortar specimens submerged in 2.1% SO~ (50% Na»SO4 + 50% MgSOs) solution and 2.1% SO4> +15.7% CI~
composite solution. They revealed that Cl— ions can reduce the strength loss and expansion behavior of concrete
mortar. Another study revealed that the presence of chloride ion inhibits sulfate attack in concrete and the resistance
is prominent in blended cement concrete(Chen et al., 2016). Diffusivity of chloride ion, low C3A value, pore
refinement of blended cement etc. can be attributed to low Delayed Ettringite (DE) formation of blended cement
mixes. It was observed in another research (Bulatovi¢ et al., 2017) that low compressive strength and high
expansion occurs in presence of Na,SO4 and MgSO; and is prominent in recycled aggregate concrete.

This Rice Husk Ash (RHA), an agricultural by-product, is an ideal pozzolanic material suitable to use in concrete
because of its high amorphous silica content and ability to redefine pores in concrete(Mindess et al., 2003). It
retards the decrease of strength and cracking of concrete prone to sulfate attack over extended curing period. This
was proved in a study that incorporation of RHA increases the compressive strength and chemical resistance
(Sulfate, Chloride, Acid) of brick aggregate concrete up to 15% of replacement by cement while reducing concrete
porosity and water absorption effectively (Noaman et al., 2022). Another work (Rattanachu et al., 2020) that
incorporated higher % of RHA with Recycled coarse and fine aggregates found that a limited addition of RHA
improves strength of recycled aggregate concrete.

From the above literatures, it is observed that RHA, being a highly reactive pozzolanic material, it has the capability
to improve the properties of concrete. However, there are not yet studies on resistance of RHA concrete when it is
subjected to both sulfate and chloride solution when it has Recycled Brick-Concrete Aggregate (RBCA) as coarse
aggregate. So, this study aims to evaluate the combined Sulfate and Chloride resistance of concrete incorporating
RHA and RBCA to produce durable concrete while developing sustainable construction practices.

2 Materials and Methodology

2.1 Materials and their properties

For this study, three different types of aggregates were utilized. Sylhet sand was used as fine aggregate, whereas
Brick Aggregate (BA) and Recycled Brick-Concrete Aggregate (RBCA) were used as coarse aggregate. All
aggregates conformed to the standard gradation requirement in ASTM C33. The particle size distribution curves
of the aggregates are presented in Figure 1 and their corresponding physical properties are summarized in Table 1.
Maximum size of coarse aggregates were 19 mm. For the cementitious material, Ordinary Portland cement (OPC)
conforming to ASTM C150 was used and it had a specific gravity of 3.15. Rice Husk Ash (RHA) was

Table 1. Physical Properties of Fine and Coarse Aggregates .
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Figure 1. Aggregate Gradation Curve
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collected from a Local Rice Mill and were finely grinded. The Bulk Specific Gravity of RHA was 2.24 and 8.2%
particles retained on No.325 (45 pum) sieve. Also, Conplast SP337, a superplasticizer, conforming to ASTM C494
Type F admixers was used whenever needed.

2.2 Mix Proportions

To conduct the study, 15 concrete mixes were prepared. The control mix contained 100% OPC and 100% BA
which were substituted in other mixes in various proportions of RHA (0% to 20%) and RBCA (0% to 100%)
respectively. The mixture proportions of the concretes were designed based on ACI 211.1 and the mix proportion

Table 2. Mix Proportion of Concrete

ShOI:t Cement RHA Sand Brl.Ck RBA Water

Notation (kg) (kg) (kg) Chips (kg) (kg)
of the Mix & g g (kg) g g
RHAO-RBCAO Mix 1 12.27 0.00 16.20 18.45 0.00 491
RHAO0-RBCA25 Mix 2 12.27 0.00 16.20 13.84 4.61 491
RHAO0-RBCAS50 Mix 3 12.27 0.00 16.20 9.23 9.23 4.91
RHAO-RBCA75 Mix 4 12.27 0.00 16.20 4.61 13.84 4.91
RHAO0-RBCA100 Mix 5 12.27 0.00 16.20 0.00 18.45 491
RHA10-RBCAO Mix 6 11.04 1.23 16.20 18.45 0.00 491
RHA10-RBCA25 Mix 7 11.04 1.23 16.20 13.84 4.61 491
RHA10-RBCAS50 Mix 8 11.04 1.23 16.20 9.23 9.23 491
RHA10-RBCA75 Mix 9 11.04 1.23 16.20 4.61 13.84 491
RHA10-RBCA100 Mix 10 11.04 1.23 16.20 0.00 18.45 491
RHA20-RBCAO Mix 11 9.82 245 16.20 18.45 0.00 491
RHA20-RBCA25 Mix 12 9.82 245 16.20 13.84 4.61 491
RHA20-RBCAS50 Mix 13 9.82 245 16.20 9.23 9.23 491
RHA20-RBCA75 Mix 14 9.82 245 16.20 4.61 13.84 491
RHA20-RBCA100 Mix 15 9.82 245 16.20 0.00 18.45 491
Total= 165.67 18.41 242.98 138.38 138.38 73.63

is presented in Table 2. The control mix, RHA0-RBCAO with 0% RHA and 0% RBCA was targeted to have a 28-
day design compressive strength of 30 MPa. The w/b ratio of all mixes were kept constant at 0.40 and slump of
the fresh mix was maintained between 50 and 75 mm by adding suitable amount of superplasticizer.

2.3 Concrete Mixing and Test on Fresh Concrete

Prior to mixing, the graded aggregates, were brought to Saturated Surface Dry (SSD) condition. All ingredients
were proportioned and mixed in accordance with ASTM C192. To know the workability of fresh mixes, slump
test was performed according to ASTM C143. If the slump was found to be lower than 50 mm, specifically for
mixes containing RHA, superplasticizer was used to achieve the required workability.

2.4 Concrete Casting and Test on Hardened Concrete

After attaining the desired workability, concrete cylinders of 100 mm diameter and 200 mm height were cast for
Compressive Strength testing and concrete prisms of 75mm x 75mm x 285mm were cast for Flexural Strength
testing. Six cylinders and six prisms were cast in each mix. These specimens were moist cured for 28 days after
demoulding. After that, half of the specimens were transferred to a composite solution of Sodium Sulfate and
Sodium Chloride (2.5% Na;SO4+ 2.5% NaCl) for an additional 90 days of curing. Upon completion of curing,
compressive strength tests were performed according to ASTM C39 while flexural strengths were tested according
to ASTM C78.

3 Result and Discussion

3.1 Changes in Compressive Strength

Figure 2 represents the variation of compressive strength of mixes containing no Rice Husk Ash (RHA) after curing
90 days in a 2.5% Na,SO4 + 2.5% NaCl composite solution and in a saturated lime water solution. The results
indicated that the specimens without RHA (M1-MS5) produced higher strength when cured in lime water and much
lower strength in the composite solution. M3 mix, which contained 50% RBCA in replacement of BA, possessed
the highest strength at 35.7 MPa (in lime water) and at 34.2 MPa (in composite solution). However, the lowest
strength was reported in M5 mix concrete samples, where 100% of the coarse aggregates were RBCA and they
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valued at 31.0 MPa when lime cured and at 29.5 MPa when immersed in composite solution. Figure 3 shows the
percent reduction in compressive strength in these mixes when they were cured in the composite solution in
comparison with when they were cured in lime water. Lowest strength reduction was observed in M3 mix with
only 4.2% decrease in strength due to sulfate-chloride composite solution while the greatest reduction was seen in
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Figure 2. Variation in Compressive Figure 3. % Reduction of Compressive Strength in
Strength in mix M1-M5 Composite solution in mix M1-M5

M1 mix samples with 5.42% decrease. An opposite phenomenon was observed in compressive strength of concrete
specimens, when they contained RHA. Figure 4 below shows the variation in compressive strength of mix M6 to
M10 that contains 10% RHA with different percentages of RBCA. Here, we can see that, due to the presence of
RHA, compressive strength actually increased in the composite solution than in the lime water solution. The M8
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Figure 4. Variation in Compressive Figure 5. % increase in Compressive Strength in
Strength in mix M6-M10 Composite solution in mix M6-M10

mix, that contained 50% RBCA in replacement of BA, possessed the highest strength at 45.4 MPa and 30.4 MPa,
when cured respectively in the composite solution and in the limewater solution. According to Figure 5, this mix
had the lowest increase in strength, valued at 12.38% and the highest increase of 13.68% was observed in M6 mix
samples where no RBCA were used and they had lowest strength in the set irrespective of the exposure solution.
Similar pattern were observed for mixes containing 20% RHA (M11 to M15) with M13 mix(with 50% RBCA)
producing highest strength and M11 (with 0% RBCA) producing the lowest, as shown in Figure 6. However, 20%
RHA addition actually lowered strength as compared to 10% addition. Maximum strength increase of 8.18% and
minimum strength increase of 7.39% were observed in M11 and M13 mixes respectively.
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Figure 6. Variation in Compressive Figure 7. % increase in Compressive Strength in
Strength in mix M11-M15 Composite solution in mix M11-M15

3.2 Changes in Flexural Strength
The variation of flexural strength of mixes containing no RHA (M1 to M5) and different percentages of RBCA
after curing 90 days in a 2.5% Na;SO4 + 2.5% NaCl composite solution and in a saturated lime water solution is
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shown in Figure 8 and we can see that specimens without RHA showed lower flexural strength in the composite
solution. M3 mix specimens (50% RBCA) had the highest strength (7.1 MPa in lime, 6.8 MPa in composite), while
M1 mix specimens (0% RBCA) had the lowest strength at 6.1 MPa (lime) and 5.8 MPa (composite). As represented
by Figure 9, the strength reduction in the composite solution was lowest for M3 at 3.68% and highest for M1 at
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Figure 8. Variation in Flexural Strength Figure 9. % reduction in Flexural Strength in
Strength in mix M1-M5 Composite solution in mix M1-M5

4.73%. Figure 10 shows that flexural strength increased in mixes with 10% RHA (M6-M10) compared to those
without RHA, when cured in the composite solution, a phenomenon exactly which was observed when specimens
were tested for compressive strength. The highest flexural strength in the data set was produced from specimens
of M8 mix (8.3 MPa in composite solution and 7.3 MPa in lime), and they had the lowest increase in strength at
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Figure 10. Variation in Flexural Strength Figure 11. % increase in Flexural Strength in
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14.56% as shown in Figure 11. Meanwhile, M6 mix specimens was recorded with lowest strength of 6.2 MPa in
lime and 7.1 MPa in composite solution and had the maximum increase in strength of 15.21%. The variation of
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strength in 20% of RHA containing mixes (M11-M15) and % increase in strength in composite solution are shown
in Figure 12 and Figure 13 respectively. It was noted that the flexural strength was lower in case of 20% RHA
addition, as found in compressive strength assessment. Here also, M 13 mix with 50% RBCA replacement produced
peak strength of 7.7 MPa and 7.1 MPa in composite and lime solution respectively while M11 mix specimens with
no RBCA produced a minimum strength of 6.9MPa and 6.3 MPa in the mentioned solutions. Most increase in
strength was found in M11 mix with a value of 10.13% while M13 mix specimens had the lowest increase at
9.35%.
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3.3 Discussion

The strength variation graphs showed that 50% RBCA concrete consistently achieved higher compressive and
flexural strength, regardless of RHA addition. Strength increased steadily with RBCA up to 50% replacement, then
steadily decreased up to 100% replacement. Also, the variation in strength due to exposure solution is less
prominent in case of 50% RBCA replacement mixes. The strength loss in the composite solution in M1-M5 mix
samples can be attributed to the formation of Ettringite from the sulfate solution and high porosity of the mix.
However, it was observed that, addition of 10% or 20% RHA can actually improve concretes strength, even in the
harsh environment. RHA decreases the porosity of the mix and hereby making them impermeable. Another
mechanism that can indicate the strength increase in composite solution can be that the Ettringite formed in the
specimens are actually assisting in increasing the strength in RHA incorporated concrete by entering into pore
spaces and densifying them.

4 Conclusion

This study was performed to assess the 90 day compressive and flexural strength of concrete incorporating Rice
Husk Ash and Recycled brick concrete aggregate in two different exposure solutions. It can be concluded from the
study that-

1. Incorporation of Rice Husk Ash up to 10% improves compressive and flexural strength of concrete specimen
because of additional CSH formation and lowering concrete permeability. 20% RHA addition lowers strength.

2. In all cases, 50% brick aggregate replacement by recycled brick concrete aggregate produced greatest results,
irrespective of RHA inclusion, as it provides balanced porosity, better bonding surface and micro void filler effect.
3. Ettringite formation upto 90 days increases the strength and improves the microstructure by densifying the
concrete when paired with RHA in the matrix.
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