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ABSTRACT

The present research aims to investigate the performance of self-compacting geopolymer concrete (SCGC) with

sustainable binder materials such as Rice Husk Ash (RHA) and Nano Clay (NC). The main precursors used were fly ash
(FA) and ground granulated blast furnace slag (GGBFS), and RHA was substituted for FA in proportions ranging from 0 to
30% to enhance the performance of the geopolymer matrix. The selected RHA mixture was further modified by changing
the amounts of NC to obtain the desired results. Fresh, mechanical, durability, and microstructural properties of developed
mixtures were assessed. The results indicated M-3 (55% FA+ 30% GGBFS + 15% RHA) as an optimum ratio for RHA and
the addition of 2% NC (NC-2) further improved the mechanical performance of SCGC. The results indicated that the use of
RHA to enhance the performance of these materials was effective up to a certain replacement rate, after which it gradually
decreased. The inclusion of NC enhanced the performance by contributing to pore refinement and creating a more compact
matrix. The chosen NC composition exhibited enhanced mechanical strength, reduced water absorption, reduced chloride
ion ingress and sulfate exposure, and improved internal quality. SEM observations showed a rather dense and firmly bound
geopolymer matrix. The selected NC-2 mix had a 28-day compressive strength of 50.92 MPa and water absorption of 3.20%.
The chloride ion penetration and the sulfate strength deterioration at 90 days were 720 C and 5.84%, respectively. The

findings demonstrate the potential of combining RHA and NC to produce sustainable and durable SCGC.

Keywords: Rice husk ash; Nanoclay; Geopolymerization; Aluminosilicate binder; Nano-modification.

1.INTRODUCTION

Construction is widely known to be one of the
most resource-intensive industries, which utilizes a
tremendous number of raw materials and is a major
source of carbon dioxide (CO:) emissions (Demissew,
2022; Brefo et al.2025). Many of these emissions are
from the manufacture of cement, where energy-intensive
activities like the formation of clinker at high
temperatures are involved. Given the growing need for
infrastructure in the world, the environmental impact of
traditional cement-based materials is becoming a serious
concern. (Bumanis et al. 2022; Chen et al. 2024).
Therefore, it 1is essential that sustainable and
environmentally friendly alternatives are developed that
can minimise the carbon footprint of construction
activities without compromising their performance. In
this regard, geopolymer concrete (GC) has surfaced as a
viable substitute, since it can use industrial waste

materials as the main constituents of the binder and hence
it can reduce greenhouse gas emissions substantially
(Parvathikumar et al. 2025; Jessa and Ajidahun, 2024;
Pacheco-Torgal, 2026; Zhang, 2026).

GC is obtained by synthesizing concrete by
alkali activation of aluminosilicate-rich materials and
forms a three-dimensional polymer network that gives
excellent mechanical strength and durability properties
(Shivasakthivadivelan et al. 2025). GGBFS and FA are
widely accessible as industrial by-products and
commonly used as precursor materials (Varma et al.
2023). Such utilization of these materials not only helps
to reduce waste disposal problems but also makes an
important contribution to sustainable resource use by
turning industrial wastes into useful construction
materials (Blesson and Rao, 2023; Li et al., 2023). Many
research works have shown that GC is chemically
resistant, less permeable and has higher durability in
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comparison to OPC based concrete. These properties
render GC as a promising material for sustainable
infrastructure construction. (Alahmari et al. 2023; Bharti
et al. 2020; Prakash et al. 2024; Thadathil and Girdhar,
2024).

SCGC is an innovative form of concrete that has
garnered considerable focus due to its exceptional fresh-
state characteristics. (Amala and Umarani, 2024). Under
its own weight, SCGC can flow to fill complex
formwork, and can pass through areas with a high
reinforcement content without mechanical vibration.
This self-compacting property promotes efficiency in
construction, reduces labor and noise pollution, and
ensures uniform compaction, which improves the quality
of the concrete structure (Mol et al. 2021; Naresh et al.
2024). However, it is still a challenge to obtain an
optimum balance between workability and mechanical
performance, especially when using supplementary
materials as part of the geopolymer matrix (Nuruddin et
al. 2011; Ramineni et al. 2018).

Agricultural waste ash is a potentially valuable
material, which, with its high silica content, has become
a sustainable supplementary binder material in recent
years. (Manoj et al. 2025). In the past, agricultural
residues were typically burned in the open or landfilled,
resulting in environmental degradation and loss of
valuable resources. RHA is one of the effective
agricultural wastes high in silica, which can be utilized as
a supplemental reactive material in GC. Converting these
residues to reactive ash is an environmentally friendly
solution for waste management and for reducing the need
for conventional raw materials. The RHA can play an
active role in the geopolymerisation process, improve
particle packing, and provide an increase in a denser and
finer binder matrix. (Jittin et al 2020, Ogwang et al.
2021; Chiranjeevi et al. 2023; Onsongo et al. 2025;
Amran et al. 2021).

Nanotechnology offers a simple yet effective
approach to improve the properties of cementitious and
geopolymeric materials by the optimization of their
internal  morphology. (Kavitha et al  2024).
Nanomaterials, owing to their exceedingly small particle
size and extensive specific surface area, significantly
influence the microstructure and reaction mechanisms
within the binder matrix. They serve as nucleation sites,
enhance reaction rates, and have a beneficial effect on the
pore structure, which in turn results in better mechanical
and durability properties. Among various nanomaterials,
NC has attracted considerable interest due to its layered
silicate structure, high surface area, chemical stability,
and cost-effectiveness. (Rashad, 2019; Xie and Fang,
2019; Xu et al. 2021).

The mechanism of action of NC is as a micro-
filler that fills the voids in the geopolymer structure and
develops a dense and homogeneous structure (Jindal and

Sharma, 2020). It was reported that the use of NC in GC
resulted in an increase in the mechanical properties, and
a decrease in permeability and resistance to aggressive
environment (Middendorf et al. 2026; Tamilarasan et al.
2025). However, the effectiveness of NC is highly
dependent on its dosage and dispersion. A high dosage of
NC can cause particle agglomeration, loss of workability,
and poor dispersion, ultimately resulting in inferior
concrete. Hence, the optimum dosage of NC is very
important to obtain the optimum mechanical properties
and workability of the SCGC (Rezaie et al. 2025; Wu et
al. 2023).

This current study is intended to explore the
performance of SCGC made with RHA and NC. RHA is
used as a sustainable supplementary binder material, and
NC is added to refine the pores and to better pack
particles. The effects of these substances 33are evaluated
through various rheological, mechanical, and durability
characteristics. In addition, the microstructural
characteristics are assessed to understand the intrinsic
composition of the matrix. 999The test findings would
contribute to the production of high-performance,
environmentally friendly SCGC.

1.1 Research Significance

Due to the growing need for sustainable
construction materials, GC has emerged as an
environmentally friendly substitute for Portland cement.
Agricultural waste ash can be added to minimize the
environmental impact and utilize renewable resources,
but its properties will impact the concrete performance.
The addition of NC improves the packing and
geopolymerization, which leads to better microstructure.
(Wu et al. 2023). But very limited investigations have
been conducted on their synergistic effect on SCGC.
Thus, this research aims to create an optimized mixture
that combines the two materials for enhanced
workability, strength, and durability. The results are
intended to find a way to sustainable construction,
decrease carbon emission and develop high-performance
GC as construction material.

2. MATERIALS AND RESEARCH
METHODOLOGY

2.1Fly Ash (FA)

In the current study, Class F FA was adopted as
the main aluminosilicate source for manufacturing
SCGC. It is collected from a local thermal power station
and meets the requirements of ASTM C618. Due to the
presence of alumina and silica in significant proportions,
it can be used as a good source material for
geopolymerization, leading to the formation of a stable
aluminosilicate gel network.
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2.2 GGBFS

GGBFS was used as a secondary precursor to
help increase the reactivity of the geopolymer binder and
increase early-age strength under ambient -curing
environments. The GGBFS was purchased from a
commercial supplier that met the specifications of ASTM
C989. Calcium, which is present in GGBFS, facilitates
the formation of calcium-rich aluminosilicate hydrate
gels, which results in better strength development and
densification of the matrix.

2.3 Rice Husk Ash

A sustainable supplementary precursor, RHA,
was utilised to partially replace the FA in the geopolymer
binder. The rice husk was calcined at 700 °C for 2 h,
cooled, and processed in a lab-sized rotary ball mill to
obtain a fine RHA powder with a particle size of less than
75 um. RHA, with their amorphous nature and high silica
content, actively involve in geopolymerization process
and also it is promoting sustainable utilization of
agricultural waste.

2.4 Nano Clay

NC was added as nano-modifying material to
enhance the GC microstructure and performance. NC as
a nucleation site during geopolymerization and
refinement of pore structure through filler effect because
of its large specific surface area and layered silicate
structure. NC used in this study was in nano range and
supplied by a certified commercial manufacturer. The
physical and chemical composition of the materials used
in this research are presented in Tables 1 & 2. Fig.1.
depicts the binder materials used in this investigation.

2.5 Fine Aggregate

The fine aggregate utilised was locally available
river sand which meets the (IS 383 - 1970) Zone II
grading. Before mixing, the sand was clean, with no
organic impurities, and in a saturated surface dry
condition. The quality of the fine aggregate is crucial for
the desired flowability, stability and segregation
resistance of SCGC.

2.6 Coarse Aggregate

The coarse aggregate utilised in the entire
investigation was crushed granite of nominal 12.5 mm
size. To enhance the passability and eliminate blockage
when self-compacting concrete (SCC) was flowing, a
smaller size of aggregate was chosen. The aggregates
were washed, oven-dried, and kept in the lab before being
used.

2.7 Alkaline Activator Solution (AAS)

The AAS used was sodium silicate (Na2SiOs)
and sodium hydroxide (NaOH). The AAS was prepared
by dissolving analytical-grade NaOH pellets in distilled
water to the desired molarity at least 24 hours prior to
mixing to allow the temperature to stabilize.

2.8 Superplasticizer (SP)

Polycarboxylate ether (PCE) was added to
ensure the desired segregation resistance, filling, and
passing ability of SCGC. The dosage of SP was varied in
the trial mixes to meet the fresh property requirements
without affecting the geopolymerization process.

2.9 Water

Potable water free from harmful substances was
used in the preparation of the sodium hydroxide solution
and for washing all the laboratory equipments. The water
met the requirements for producing concrete, and it was
free from impurities that could affect the
geopolymerization reaction.

Table 1. Material characteristics

Property FA GGBFS RHA NC
Col Light- Off Dark- Cream
R Greyish ~ White  Greyish  White
Bulk Density
(ke/m?) 980 1250 560 680
Blaine
Fineness 380 430 450 375
(m%/kg)
Specific
Gt 2.20 2.90 2.12 2.60

Table 2. Chemical constituents of the materials

Oxide FA GGBFS RHA NC
Si02 55.80 34.90 89.20 61.80
AlOs 27.60 13.20 0.85 18.50
Fe20s 6.80 0.60 0.45 3.20
CaO 3.90 40.80 1.25 0.90
MgO 1.20 7.90 0.70 2.10

2.10 Research Methodology
2.10.1 Mix Constituents

The SCGC mix proportions were optimized
using a systematic two-phased optimization process.
There was no specific mix design procedure available for
SCGC; therefore, the mixture proportions were
determined using the principles of (IS 10262-2019) and
(EFNARC -2005) for SCC and the relevant literature
pertaining to GC. (Alahmari et al. 2023; Bharti et al.,
2020). The total binder content for all SCGC mixtures
was kept at 500 kg/m?. Initially, FA was used at 350 kg/m?
and GGBFS at 150 kg/m* per m® of binder. In the first
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phase of the study, the RHA content was varied to
partially substitute the FA, while keeping the content of

from 0 to 30% of the FA content to find the optimum
replacement level.

GGBFS unchanged. The RHA replacement level ranged
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Fig. 1: Materials used (a) FA; (b) RHA; (c) GGBFS and (d) NC

The AAS comprised 12 Molar NaOH and
NazSiOs in a ratio of Na.SiOs/NaOH of 2.5, which was
maintained on a mass basis. For all mixtures, the AAS-
to-binder ratio was kept constant at 0.45, and the effective
water-to-binder ratio was kept constant at 0.31. No
additional free water was added during mixing. To impart
the desired self-compacting properties, a PCE-based SP
was used at 1.2% of the total binder content.

In the second phase, NC was added to the
optimum RHA mixture by substituting 0—4% of the total
binder with the same binder quantity. The relative
proportions of the activating solution to the binder, the
formulation of the activating solution, the accessible
water content, and the dosage of admixtures remained
constant throughout the whole experimental program.
This ensured that the properties of the SCGC observed
are predominantly due to the addition of RHA and NC.
The mixture ratios utilized for Phase I and Phase II are
summarized in Tables 3 and 4, correspondingly.

Table 3. Mix proportions for phase I

Mix FA GGBFS RHA NC Total Binder
1D (kg/m?)
MO 350 150 0 0 500
M1 325 150 25 0 500
M2 300 150 50 0 500
M3 275 150 75 0 500
M4 250 150 100 0 500
M5 225 150 125 0 500
M6 200 150 150 0 500

Table 4. Mix proportions for phase II

Mix FA GGBFS RHA NC Total Binder
LL (kg/m)

NCO 275.00 150.00 75.00 0.00 500

NC1 272.25 148.50 74.25 5.00 500

NC2 269.50 147.00 73.50 10.00 500

NC3 266.75 145.50 72.75 15.00 500

NC4 264.00 144.00 72.00 20.00 500

2.10.2 Specimen Preparation, Curing and Testing Methods

The solution containing the NaOH was prepared
for 24 hours before to mixing. The dry ingredients were
combined for approximately 3 minutes, after which the
AAS and SP were added progressively. The mixture
lasted about 5 minutes before a consistent and unified
SCGC was produced. The fresh concrete was thereafter
employed for property assessments and specimen
casting.

Immediately following the mixing, the fresh
characteristics of the SCGC were assessed in accordance
with the EFNARC (2005) standards. The L-box, Tsoo,
slump flow, and V-funnel tests were conducted to assess
the flowability, viscosity, filling ability, passing ability,
and blocking resistance of the concrete. Subsequently,
the concrete was transferred into the moulds without
external vibration, allowing it to flow and compact under
its own weight.

A 15cm cube specimen was cast for
compressive strength testing in accordance with IS 516
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(Part 1 — 2021). Cylindrical specimens with a 15 cm
diameter and a 30 cm height were prepared for split
tensile strength (STS) testing in accordance with (IS
5816:1999). Prism specimens with a 10 x 10 X 50 cm
dimension were cast for flexural strength (FS) testing in
accordance with IS 516 (Part 1 - 2021). The specimens
were then demoulded and cured under ambient
laboratory conditions at 27 £+ 2 °C until the required
testing ages. The ultrasonic pulse (UPV) test was
conducted in accordance with IS 13311 (Part 1 -1992) to
assess the internal quality, uniformity, and compactness
of the SCGC specimens. The mean value was reported
for three specimens tested for each blend.

The durability behaviour of the SCGC was
evaluated in terms of water absorption (WA) in
accordance with ASTM C642. The specimens were dried
to constant mass, immersed in water for 28 days, then
weighed to determine the percentage of water absorbed.

The RCPT was carried out at 30 and 90 days
using 10 cm dia x 5 cm thick samples with an applied
voltage of 60 V for 6 h according to (ASTM C1202). As
there is no specific defined method available for sulfate
resistance evaluation of SCGC, the sulphate exposure
process was selected with reference to (ASTM C1012).

These tests were carried out to assess the
resistance of the concrete to moisture ingress, chloride
penetration, and sulphate attack. Scanning electron
microscopy (SEM) was performed only on the optimum
mix to examine the morphology and compactness of the
geopolymer matrix. The SEM observations were
correlated with the mechanical and durability
performance of the optimum concrete.

3. ANALYSIS AND INTERPRETATION OF
RESULTS

3.1 Fresh Properties of SCGC

Fresh properties of the prepared SCGC mixes
were assessed to study the impact of RHA and NC on
workability and self-compacting properties of the
developed mixtures. The fresh-state properties of SCGC
are detailed in Table 5. As the amount of RHA increased,
the workability of the SCGC decreased. The slump flow
was reduced from 722mm to 672mm as RHA was
increased from 0% to 30%, as illustrated in Fig.2. The
Tsoo flow time was increased from 3.2s to 4.2 s as the
RHA increased from 0% to 30%. Similarly, the flow time
in the V-funnel was raised to 11.50 s, from 8.50 s, and the
ratio for L-box was lowered to 0.86 (from 0.92 This
reduced workability may be attributed to the probable
absorption of AAS by the porous particles of RHA.
(Adeniyi et al. 2020). However, it was found that all RHA
mixtures met the recommended limits for SCC; hence,
the mixtures still had enough filling and passing
properties. (Putri ef al. 2024).

The same trend was noticed during the
optimization phase of the NC. The fresh properties of the
reference mixture (NC-0) were found to be similar to
those of the control mixture: a slump flow of 720 mm,
Tsoo flow time of 3.2 s, V-funnel time of 8.50 s and L-box
ratio of 0.92. As the amount of NC slowly increased,
slump flow decreased from 720 mm to 650 mm by
incorporating 0- 4% NC content. Similarly, the Tsoo flow
time rose from 3.2 s to 4.5 s and the V-funnel flow time
rose from 8.50 s to 12.20 s.

The L-box ratio also decreased slowly from 0.92
to 0.86, which meant that the passing ability was a little
lowered. This behaviour was primarily attributed to the
very fine particle size and high surface area of the NC,
which was responsible for increasing the cohesiveness of
the fresh mixture. The workability reduced with the
increase in the content of NC, while the cohesiveness
increased with the NC content, which in turn resulted in
lesser segregation tendency and a more stable concrete
mixture in the fresh state. The results show that the fresh
behaviour of SCGC was affected by both RHA and NC,
which increased the viscosity and decreased the
flowability of the mixture. All the mixtures were,
however, within acceptable limits as stated by the
EFNARC guidelines for SCC (Tian et al. 2024). The
results demonstrate that the selected binder combinations
are acceptable fresh characteristics based on the
measured workability parameters.

Table 5. Fresh properties of SCGC

Mix Tsoo (5) Fu::nel 'ﬁﬁi’;‘ SFhll:vlvp
s) (mm)
M-0 32 8.50 0.92 722
M-1 33 8.78 0.91 712
M-2 34 9.20 0.90 702
M-3 3.6 9.80 0.89 693
M-4 38 10.50 0.88 681
M-5 4.0 11.00 0.87 677
M-6 42 11.50 0.86 672
NC-0 32 8.50 0.92 720
NC-1 3.5 9.00 091 700
NC-2 38 9.80 0.90 688
NC-3 42 11.50 0.88 663
NC-4 45 12.20 0.86 650
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Slump Flow (mm)

Fig. 2: Variation in slump flow
3.2 Mechanical Performance of SCGC

The mechanical properties of the SCGC were
assessed at various curing ages to investigate the effect of
the composition of the binder on strength development.
The performance comparisons were made against the
reference mixture to analyze the changes in performance
by adding RHA and NC. These findings are outlined and
discussed in subsequent subsections

3.2.1 Compressive Strength (CS)

The mean CS results for all the mixtures are
given in Table 6. The CS observed for the control
mixture M-0 was 24.83 MPa, 33.60 MPa, and 41.53MPa
at 3, 7, and 28 days, respectively. In Phase I, the addition
of RHA enhanced the strength of the mixes up to Mix M-
3. For M-3, the highest CS of 46.90 MPa was achieved at
28 days as compared to the control mixture. The fine
particles and high silica content of RHA enhanced the
geopolymerization process and the formation of a more
compact concrete matrix, which contributed to this
improvement. (Hamada ef al. 2025).

The CS was then reduced as the RHA content
was raised further. The further addition of NC also
enhanced the compressive strength. The highest strength
was achieved in NC-2, with strengths of 29.03 MPa,
39.82 MPa, and 50.92 MPa at 3, 7, and 28 days,
respectively.

The CS of NC-2 after 28 days was about 8.5%
higher than that of NC-0. The nano-filler effect of NC
was responsible for this improvement, as it created a finer
pore structure and a better bond between the geopolymer
matrix (Wang et al. 2022). The CS of NC-3 and NC-4
showed a slight decrease. This might be attributed to the
tendency of the NC particles to agglomerate at higher
doses, which prevented better dispersion in the binder
matrix (Zhao et al. 2020). All the mixtures of NC,
however, resulted in higher CS at 28 days than the

reference mixture. The overall results show that the
addition of 15% RHA and 2% NC resulted in the highest
CS.

Table 6. Illustrative mean CS data

Mix 3D 7D 28D
(MPa)
M-0 24.83 33.60 41.53
M-1 25.50 34.55 42.80
M-2 26.31 35.80 44.64
M-3 27.40 37.22 46.90
M-4 26.64 36.40 45.36
M-5 25.36 34.94 4324
M-6 23.90 32.80 40.70
NC-0 27.42 37.25 46.91
NC-1 28.20 38.58 48.80
NC-2 29.03 39.82 50.92
NC-3 28.40 39.05 47.63
NC-4 27.20 37.62 45.40

3.2.2 Split Tensile Strength (STS)

Fig.3 shows the mean STS of all the mixtures.
The STS for the control mixture (M-0) at 28 days was
measured at 3.88 MPa. Incorporation of RHA in the mix
up to Mix M-3 resulted in an increase in the STS during
Phase 1. The highest value of 4.42 MPa was recorded
after 28 days for M-3, which is approximately 13.9%
higher than with the control mixture. The smaller particle
sizes and elevated silica concentration of RHA led to a
better geopolymerisation reaction and a denser binder
matrix with improved bonding between the binder and
aggregate (Verma ef al. 2024). The STS decreased with
increasing RHA content above the optimal level. This
decrease could be ascribed to over-replacement of FA,
which decreased the amount of reactive aluminosilicate
material to produce geopolymer gel. The STS was further
improved in Phase II by incorporating the NC. The
reference mixture NC-0 showed an STS of 4.43 MPa
after 28 days, while NC-2 with 2% NC yielded the
maximum value of 4.86 MPa. This indicates an
improvement of about 9.7% over NC-0.

The nano-filler effect of NC mainly caused the
improvement, which refined the pore structure, reduced
micro voids, and strengthened the bond between the
geopolymer matrix (Jindal and Sharma, 2020). A slight
decrease was noted for NC-3 and NC-4, but these values
were still higher than the reference mixture. This
behaviour could be attributed to the fact that with the
increase in dosage, the NC particles aggregated, and
hence the distribution of the particles in the concrete
matrix was not uniform. The overall trend of the STS
results was similar to that of CS results. In Phase 1, 15%
RHA, and in Phase II, 2% NC, were found to be the
optimum content for the best performance. The overall
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findings suggest that the use of RHA and NC has
positively enhanced the tensile properties of SCGC.
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Fig. 3: Variation of STS with curing age
3.2.3 Flexural Strength (FS)

The FS of the control mix (M-0) was 4.25 MPa
and 5.20MPa at 7 and 28 days, respectively. The FS was
gradually increased with the addition of RHA from M-1
to M-3, as depicted in Fig.4. Of these mixtures, M-3 had
the greatest FS of 5.95MPa after 28 days, approximately
14.4% greater than the control mixture. This
enhancement can be attributed to the finer particles and
silica content of RHA, which improved the geopolymer
matrix and the bond between the binder and aggregates.
(Hamada ef al. 2025). The FS of the RHA gradually
decreased with the increasing content of RHA up to M-3.
The 28-day FS of M-4, M-5, and M-6 were 5.76 MPa,
5.48 MPa, and 5.08 MPa, respectively.

This decrease could be attributed to the lesser
amount of reactive binder available to generate
geopolymer gel at higher replacement rates. Further
incorporation of NC resulted in even better FS. The
results showed that the FS of the reference mix (NC-0)
was 5.96 MPa after 28 days, while the highest FS was
obtained for NC-2, which was 6.48 MPa after 28 days.
The FS of the NC-2 was found to be around 8.7% higher
than that of the NC-0 sample.

A slight decrease in FS was noted for NC-3 and
NC-4, having a 28-day FS of 6.32 MPa and 6.02 MPa,
respectively. This could be explained by the tendency of
the NC particles to aggregate at higher concentrations
and thus lead to less dispersion of the particles in the
concrete matrix. (Arman et al.2026). Among the RHA
mixes, the best performance was achieved for M-3 and
among the NC mixes, the best performance was achieved
for NC-2. The results showed that the RHA and NC
mixtures were able to enhance the flexural properties of
SCGC.

Flexural strength (MPa)

Fig. 4: Variation of FS with curing age
3.2.4 UPV Test

The UPV values for the SCGC mixes varied
from 3.96 to 4.60 km/s, which indicates that all GC mixes
had good to excellent internal quality, as illustrated in
Fig.5. The reference mix (M-0) obtained a UPV value of
3.96 km/s, which is indicative of good quality concrete.
The addition of RHA content in the mixture resulted in
gradual improvement of UPV values until reaching the
highest value of 4.42 km/s for M-3, which showed the
creation of a denser and homogeneous geopolymer
matrix. This improvement is due to the increased
geopolymerization process and filler effect provided by
the finely divided RHA, which decreased the internal
pores and microcracks. (Sujitha ef al. 2025).

In the case of NC-modified mixtures, UPV
increased from 4.36 km/s for NC-0 to NC-2, which was
considered excellent-quality concrete. NC was added,
which refined the pore structure, sped up the formation
of geopolymer gel, and enhanced the bonding between
the binder and aggregates, thus making the internal
structure denser. The UPV values of NC-3 (4.56 km/s)
and NC-4 (4.33 km/s) were slightly decreased from the
value of NC-2, but both values were in excellent and
good quality ranges. The observed UPV trend was similar
to the CS, STS, and FS results, which indicates that the
mixtures with the best mechanical performances showed
better internal integrity and lower porosities. The overall
results of UPV showed that by adding suitable amount of
RHA and NC, the quality and uniformity of the SCGC
got enhanced.
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UPV values at 28 days with IS 13311 quality ranges

Excellent

Good

Fig. 5: Variation of UPV test
3.3 Durability properties

The durability performance of the SCGC was
assessed to understand its resistance to different
environmental exposure conditions. The results were
used to evaluate the impact of RHA and NC on the long-
term performance of the developed mixtures.

3.3.1 Water Absorption (WA)

The WA of the SCGC mixtures at 28 days is
exhibited in Fig.6. The WA values vary between 3.20%
to 4.69%. The lower the WA, the denser the concrete
matrix, and the more durable the concrete. The highest
moisture absorption capacity was in the reference mix
(M-0), at 4.69%. The absorption rate gradually decreased
with the increase in the RHA content to 4.43% (M-1),
4.16% (M-2), and 3.82% (M-3). This phenomenon is
primarily due to the finer particles of RHA that filled the
small voids and enhanced the bonding within the
geopolymer matrix.  Consequently, the concrete
permeability was lowered. After M-3, the WA increased
slightly to 3.96% (M-4), 4.19% (M-5), and 4.37% (M-6).
This could be due to the fact that the higher RHA content
resulted in a less compact matrix and more unreacted
particles, which resulted in a small increase in porosity.
Further improvement in the durability of the NC mixes
was observed.

The absorption rate reduced from 3.73% (NC-
0) to 3.47% (NC-1) and reached the lowest value of
3.20% (NC-2). NC was used as a micro-filler, which was
able to improve the pore structure and make the concrete
denser with less WA. Slight increases were found for NC-
3 (3.28%) and NC-4 (3.45%), which can be attributed to
the lesser dispersion of NC at high contents. The
absorption rate decreased with the increase in strength of
the mixes due to their dense interparticle structure. By
comparison, M-3 recorded the best efficiency among the
RHA mixes, while NC-2 achieved minimal WA among
all the mixes. These findings suggest that the optimum
addition of RHA and NC is an effective way to enhance

the durability of SSCC by reducing the water

permeability of the concrete.

32 328

Water Absorption (%)

Fig. 6: Variation of WA test
3.3.2 Rapid Chloride Penetration Test

Table 7 shows the RCPT values of the materials
at 30 and 90 days. The charge through the concrete
specimens diminished with increasing curing age, which
shows that the resistance to chloride ion penetration
increases as the age of the concrete increases. The lower
the coulombs, the lower the penetrability of the concrete
and the higher the durability. The reference mix (M-0)
had the highest charge passed, i.e., 1860 coulombs at 30
days and 1626 coulombs at 90 days, which signify
relatively higher chloride absorbency.

The charge gradually diminished with the
increase of RHA content. The RHA mixes exhibited a
higher chloride penetrability resistance than the other
RHA mixes, as can be seen in the results of 1446
coulombs for the M-4 mix at 30 days and 1218 at 90 days.
A slight increase in charge passed was, however, noted
for M-5 and M-6, indicating that the higher the RHA
content, the less compact the geopolymer matrix. The
resulting concrete was even more resistant to chloride by
incorporating NC. The electrical conductivity and pore
solution chemistry of the GC may also influence the
RCPT results. The charge reduced from 1398 coulombs
(NC-0) to 1212 coulombs (NC-1), and the lowest value
was 945 coulombs and 720 coulombs at 30 days and 90
days, respectively, for NC-3. The denser microstructure
and the reduction of the movement of chloride ions
through the concrete were attributed to this improvement
due to the pore-filling effect of the NC. The classification
of all the RHA mixes according to ASTM C1202 is low
chloride ion penetrability. All the NC mixes were
classified as very low, indicating that they have excellent
resistance to chloride ingress. The RCPT results followed
a trend similar to the compressive strength, UPV, and WA
results. The strength and WA of these mixes also had a
similar relationship with charge passed, as the higher the
strength, the lower the WA, and hence the denser and less
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permeable the geopolymer matrix. NC-3 had the highest
resistance to chloride ion infiltration of all the mixtures,
while the mix with no other additives (M-0) had the
lowest.

Table 7. RCPT results

Mix 30 Days 90 Days Penetrability Rating (90

ID  (Coulombs) (Coulombs) Days)
M-0 1860 1626 Low
M-1 1750 1513 Low
M-2 1644 1408 Low
M-3 1475 1225 Low
M-4 1446 1218 Low
M-5 1636 1362 Low
M-6 1724 1455 Low
N 1308 1128 Low
Nf' 1212 968 Very Low
Ng ) 986 743 Very Low
Ne 945 720 Very Low
Ne 10ss 925 Very Low

3.3.3 Sulphate Attack

The results of residual CS after 30- and 90-days
exposure in sulphate solution for all the SCGC mixes are
exhibited in Fig.7. The CS of all the mixes decreased
after being subjected to sulphate. This resulted in an
increase in the percentage of strength loss from 30 days
to 90 days. The strength loss at 30 days and 90 days was
the highest at 6.85% and 11.62%, respectively, for the
reference mix (M-0). With the addition of RHA, the
strength deterioration gradually decreased. The M-3 mix
of RHA showed the lowest deterioration rate at 4.58% at
30 days and 7.86% at 90 days. This shows the
incorporation of RHA resulted in an increase in the
resistance of the concrete to sulphate attack by forming a
dense matrix. The strength reduction increased from M-
4 to M-6 with values of 4.92%, 5.68%, and 6.34%,
respectively. This could be attributed to the increase in
RHA content, which caused some decrease in the
compactness of the concrete and resulted in more
penetration of sulphates. The strength loss of NC mixes
was less than that of RHA mixes. The deterioration
decreased from 4.32% (NC-0) to 3.84% (NC-1) and
reached the lowest value of 3.26% at 30 days and 5.84%
at 90 days for NC-2.

This enhanced performance is said to be due to
the pore-filling properties of the NC, which minimised
the entry of the sulphate ions and increased the durability
of the concrete. Both the NC-3 and NC-4 mixes
experienced slight deterioration in strength, while both of
these mixes did better than the reference mix and RHA

mixes. It is also noted that all mixes experienced higher
strength loss after 90 days when compared to 30 days,
suggesting that the longer the exposure to sulphates, the
higher the strength loss. The M-3 mix showed the most
satisfactory sulphate resistance for RHA mixes, and the
NC-2 showed the lowest deterioration of strength of all
the RHA mixes.

—=— 30 days
—e— 60 days

Strength Deterioration (%)
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Fig. 7: Change in strength after sulphate exposure
3.4 Microstructural Observations

The microstructural characteristics of the
optimum mixture have been analyzed using SEM. SEM
imaging was performed at an accelerating voltage of
20.00 kV, and images are exhibited with a scale bar of 20
pm.

The SEM image of the M-3 mix reveals a
relatively dense and compact structure with good particle
bonding, as illustrated in Fig.8. The dense matrix shows
that the interaction between geopolymer reaction
products and the binder particles is good, leading to a
decrease in the internal voids. The incorporation of RHA
is believed to be helpful in refining the matrix due to its
very fine particle size and silica-rich properties. This
allows for better packing and further development of a
more continuous geopolymer matrix. It is noticed that
there are also some particles that are not fully reacted or
reacted incompletely, which is a common phenomenon in
geopolymer systems. There are also a few localized
microcracks that can be seen; these can be related to the
drying or shrinking of the sample, or they can be
preparation-induced cracks.

These cracks, however, are limited and not seen
to be the main features of the microstructure. Good
internal cohesion is suggested by the strong bonding
between the particles and matrix. The mechanical and
durability characteristics of the M-3 mix are in good
agreement with the dense structure obtained from the
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laboratory tests. A small matrix having fewer
interconnecting pores may limit the flow of water and
aggressive ions in and out of the concrete mass. This
observation agrees with the results of higher strength,
higher UPV, lower WA, and higher resistance to chemical
attack obtained for M-3. Hence, the microstructural
support obtained from SEM of the M-3 mixture reflects
the enhanced performance of the mixture among the
RHA-modified mixes.

WD =11.0 mm

20 ym EHT = 20.00 kv

Fig. 8: SEM micrograph of M-3 mix

The SEM image of this NC-2 mix reveals a
dense and relatively compact structure with good
continuity of the geopolymer matrix, as exhibited in
Fig.9. The incorporation of NC seems to have resulted in
refinement of the internal structure by filling the fine
voids between the reaction products. This led to a densely
packed matrix and fewer pores were identified,
suggesting a higher compactness of the matrix. The
microstructure shows a few small pores and some micro-
cracks. These features, however, are few and far between
and are embedded in a complex matrix. The fine NC
particles can offer a filling effect and extra reactive
surfaces to promote to a more refined geopolymer
structure. Concrete with fewer pores may also impede the
flow of water and aggressive ions in the concrete. The
improved mechanical and durability performance of NC-
2 is reflected by its microstructural characteristics. The
high strength and UPV can be attributed to the dense
matrix, whereas the low pore structure is consistent with
the low WA and high chloride and sulphate exposure
resistance. The NC-2 microstructure shows the further
refinement of the geopolymer matrix, which is a
beneficial effect of NC on the performance of SCGC, in
comparison to the RHA-modified mix.

Dense
matrix

Small pores

20pm EHT =20.00 kv WD = 11.0 mm

Fig. 9: SEM micrograph of NC-2 mix
4. CONCLUSIONS

From the experimental investigation on SCGC
with incorporation of rice husk ash (RHA) and nano clay,
the following conclusions are drawn:

e The self-compacting properties of all the
developed  mixtures were  within  the
recommended EFNARC acceptance limits. The
flowability of the concrete however was
decreased gradually as the RHA and NC contents
increased.

e The incorporation of RHA improved the
mechanical properties up to M-3. Above this
percentage, a progressive decline in strength was
noticed, suggesting that an increase in RHA
replacement was not as beneficial.

e The compressive strength of the M-3 mix at 28
days was 46.90 MPa, while the reference mix was
41.53 MPa. Similar improvements were observed
in the tensile and flexural behaviour. Further, NC
was added to the selected RHA-based mixture,
which further improved its strength.

o The trend of the split tensile strength and flexural
strength was similar. The highest values of 4.86
MPa and 6.48 MPa, respectively, were obtained
for NC-2 at 28 days.
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e The UPV results are from 3.96 to 4.60 km/s which
is good to excellent concrete quality according to
(IS 13311- Part 1-1992).

e The addition of RHA and NC led to a reduction in
WA. The lowest value of 3.20% was obtained for
NC-2, which shows decreased water uptake.

e The results obtained from the RCPT indicated a
definite trend of decrease in chloride ion
penetration with age. After 90 days, the NC-
modified mixtures exhibited very low chloride
penetrability, with NC-3 displaying the lowest
charge passed of 720 coulombs.

e The results of the sulphate exposure showed that
the developed mixtures had less strength loss than
the reference concrete. NC-2 had the least loss of
strength at 30 days (3.26%) and 90 days (5.84%).

o The SEM observation of M-3 showed a relatively
dense matrix with good particle bonding and NC-
2 showed further refinement of the structure with
less visible pores.

e Such observations are in line with the
improvements in mechanical and durability
properties. The RHA modified mixtures, M-3
gave a favorable balance of the fresh, mechanical
and durability properties.

e The incorporation of NC was then done which
further enhanced the performance of concrete.
Based on the experimental findings, NC-2
achieved the good performance especially in
terms of mechanical characteristics, moisture
absorption, sulphate resistance, UPV and
microstructural characteristics. The results clearly
show the potential of RHA and NC for the
production of durable and sustainable SCGC.
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