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Geopolymer concrete (GPC) has emerged as a sustainable alternative to Ordinary Portland Cement (OPC) concrete, significantly
reducing CO: emissions and utilizing industrial by-products such as fly ash. This study investigates the durability of fly ash-based geopolymer
concrete when Fly Ash is partially replaced by Silica Fume and Metakaolin at substitution levels of 2.5%, 5%, 7.5%, and 10% by weight.
Specimens were heat-cured at 60°C for 24 hours and subsequently immersed in 5% concentrated solutions of Hydrochloric Acid (HCI) and
Magnesium Sulphate (MgSO.) for durations of 30, 60, and 90 days. Compressive strength and percentage weight loss were measured at each
interval. Results reveal that 5% Silica Fume replacement achieves the highest compressive strength under HCI exposure (45 N/mm?2 at 30
days), while 7.5% Metakaolin replacement yields optimum performance under MgSO. exposure (46 N/mm? at 30 days). Weight loss increased
progressively with immersion duration and higher replacement levels in both acidic and sulphate environments, with acid-induced losses
consistently exceeding sulphate-induced losses.

Geopolymer Concrete; Fly Ash; Silica Fume; Metakaolin, Acid Resistance; Durability;, Compressive Strength; HCI; MgSO.;
Alkaline Activator.

Concrete is the most widely used construction material worldwide. Ordinary Portland Cement (OPC) is its primary binder;
however, the manufacture of OPC generates approximately one tonne of CO: per tonne of cement produced, contributing
significantly to global greenhouse gas emissions. The growing demand for sustainable construction materials has driven
researchers to explore supplementary cementitious materials and alternative binder systems.

Geopolymer concrete (GPC) is an innovative, cement-free binder system developed by Davidovits in the 1980s. GPC is
produced by the alkaline activation of alumino-silicate source materials such as fly ash, metakaolin, and silica fume using sodium
hydroxide (NaOH) and sodium silicate (Na2=SiOs) solutions. The production of one tonne of geopolymer cement requires 3.5
times less energy than Portland cement and generates only 0.184-0.218 tonnes of CO-, compared to one tonne for OPC, making
it an environmentally superior option.

India generates over 110 million metric tonnes of fly ash annually from its coal-fired thermal power plants, with
generation reaching 170 million MT in 2010. The disposal of this fly ash presents serious environmental hazards, including
leaching into groundwater, damage to coral reefs, and contamination of agricultural produce. Utilizing fly ash as the primary
source material in GPC not only addresses this disposal problem but also produces concrete with competitive mechanical and
durability properties.

Silica Fume is an ultra-fine industrial by-product from silicon and ferrosilicon alloy manufacturing, while Metakaolin is
derived from controlled thermal calcination of kaolin clay. Both materials are rich in silica and alumina, making them highly
suitable as partial replacements for fly ash in GPC to enhance pozzolanic reactivity and binding characteristics.

The durability of concrete in aggressive environments, particularly under acid attack and sulphate exposure, is a critical
concern in modern construction. The present study investigates the acid and sulphate resistance of fly ash-based GPC in which
fly ash is partially replaced by Silica Fume and Metakaolin at four replacement levels (2.5%, 5%, 7.5%, and 10%) by evaluating
compressive strength and weight loss after immersion in 5% HCI and 5% MgSOa solutions for 30, 60, and 90 days.

The primary objectives of this study are: (i) to evaluate the workability of fresh GPC mixes with varying levels of Silica
Fume and Metakaolin replacement; (ii) to determine the compressive strength of GPC specimens after immersion in HCI and
MgSO. solutions; (iii) to quantify percentage weight loss of specimens under acidic and sulphate environments; and (iv) to
identify the optimum replacement percentage for maximum durability performance.

Bakharev (2005a) reported that geopolymer materials exhibit excellent resistance to acid attack compared to OPC
concrete. Specimens immersed in sulphuric acid showed less degradation than OPC counterparts, attributed to the absence of
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calcium hydroxide and C-S-H phases, which are susceptible to acid dissolution.

Bakharev (2005b) studied geopolymers prepared from Class F fly ash and elevated temperature curing. It was found that
elevated curing temperatures promoted geopolymerisation and improved microstructural density, leading to enhanced
mechanical properties.

Thokchom and Ghosh (2009) investigated the acid resistance of fly ash-based geopolymer mortars and concluded that
GPC exhibited significantly better resistance to acid attack than OPC mortars. Weight loss and strength reduction were lower for
GPC under prolonged acid immersion.

Song et al. (2005) examined the durability of fly ash-based GPC against sulphuric acid and established that the
geopolymer binder was considerably more resistant than Portland cement concrete, with minimal surface deterioration and
reduced mass loss.

Hardjito and Rangan (2004, 2005) identified twelve key parameters influencing GPC compressive strength, with curing
temperature and NaOH concentration being the most significant. Specimens cured at 60°C consistently demonstrated superior
strength development.

Fernandez-Jimenez and Palomo (2005) described the microstructural development of alkali-activated fly ash cement and
confirmed that the degree of geopolymerisation directly correlates with compressive strength. Higher fly ash reactivity and
optimum alkaline activator ratios produced denser, more homogeneous matrices.

Chindaprasirt et al. (2007) investigated the workability and strength of coarse high-calcium fly ash GPC. Results showed
that higher superplasticizer dosages improved workability without adversely affecting compressive strength, consistent with
findings in the present investigation.

A. Materials Used

Fly Ash (Class F, low-calcium) sourced from a coal-fired thermal power plant was used as the primary binder. Its key
chemical constituents include SiO: (59.8%), Al.Os (28.5%), Fe20s (4.47%), CaO (1.35%), and LOI (2.0%). Silica Fume — an
ultra-fine amorphous silica powder with particle diameter approximately 100 times smaller than cement — was sourced as an
industrial by-product with SiO. content exceeding 90%. Metakaolin was produced by the thermal calcination of kaolin clay at
controlled temperatures, yielding a highly reactive alumino-silicate material.

The alkaline activator comprised Sodium Hydroxide (NaOH) solution at 10 Molar concentration and Sodium Silicate
(Na2Si0:s) solution in a ratio of 1:2.5 (NaOH:Na:SiOs by mass). NaOH pellets were dissolved in distilled water 24 hours prior to
use. Physical properties of NaOH include: molecular weight 40, specific gravity 2.13, melting point 318°C, and boiling point
1390°C. Na2SiOs solution properties include: SiO: content 31.5%, Na-O content 13.4%, and specific gravity 1.55.

Fine aggregate (river sand, Zone-I1, IS 383) with specific gravity 2.343 and fineness modulus 3.015 was used. Coarse
aggregate comprised crushed angular stone in two fractions: 20 mm (specific gravity 2.62) and 10 mm (specific gravity 2.74). A
naphthalene-based superplasticizer at 3% of fly ash by mass was incorporated to improve workability. Hydrochloric Acid (HCI)
and Magnesium Sulphate (MgSO.) at 5% concentration were used as the acidic and sulphate exposure media respectively.

B. Mix Design

The geopolymer concrete mix was designed with the following proportions per cubic metre: Fly Ash — 394.3 kg, Coarse
Aggregate (20 mm) — 906 kg, Coarse Aggregate (10 mm) — 388 kg, Fine Aggregate — 554 kg, NaOH solids — 14.135 kg,
NazSiOs solution — 112.64 kg. The alkaline liquid-to-fly ash ratio was 0.4, and the water-to-geopolymer solids ratio was 0.207.
The mix proportion by mass is 1:1.405:3.28 (Fly Ash : Fine Aggregate : Coarse Aggregate).

Five mixes were prepared for each admixture type (Silica Fume and Metakaolin): a control mix with 100% fly ash and
four mixes with fly ash replaced at 2.5%, 5%, 7.5%, and 10% by weight. Standard cube specimens (150x150x150 mm) were
cast for compressive strength and weight loss tests. Specimens were heat-cured in an oven at 60°C for 24 hours, then air-dried
for 28 days before immersion in the aggressive solutions.

C. Testing Methods

Workability was assessed using the Slump Cone Test (IS 7320), Compaction Factor Test, and Vee-Bee Consistency Test
on freshly mixed GPC. Compressive Strength was determined on 150 mm cube specimens using a 2000 kN capacity
Compression Testing Machine (CTM) as per IS 516:1959. Percentage weight loss was calculated using: Absorption (%) = [(W-
— W1)/ Wi] x 100, where Wi is the air-dried weight at 28 days and W is the specimen weight after immersion at 30, 60, and 90
days. All specimens were immersed in 5% HCI and 5% MgSOa. solutions prepared in separate containers maintained at room
temperature throughout the study duration.

A. Workability (Slump Cone Test)

Geopolymer concrete exhibited low workability across all mixes, with slump values ranging from 5 to 15 mm.
Workability improved slightly with increasing replacement of fly ash by both Silica Fume and Metakaolin. For Silica Fume
replacements, slump increased from 5 mm (control) to 15 mm at 10% replacement. Similarly, Metakaolin replacement improved
slump from 5 mm to 15 mm at 10% replacement. All mixes displayed true slump patterns, indicating good cohesiveness without
segregation.
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S.No | % Replacement of Fly Ash slummg —(erirIli)ca FURTE | ST —(ml\r/:]e)takaolin Inference
1 0 (Control) 5 5 Low workability
2 2.5 7 6 Low workability
3 5 10 10 Low workability
4 7.5 14 12 Low workability
5 10 15 15 Low workability

Table 1: Slump Values for Silica Fume and Metakaolin Replacements

B. Compressive Strength after HCI Immersion — Silica Fume Replacement

Table 2 presents the compressive strength of GPC specimens immersed in 5% HCI solution for 30, 60, and 90 days with varying
Silica Fume replacement levels. The control mix (0% replacement) achieved 41 N/mma2 at 30 days, decreasing to 37 N/mm2 at
90 days. The 5% Silica Fume replacement yielded the highest strength of 45 N/mm2 at 30 days, representing a 9.76%
improvement over the control. Beyond 5%, compressive strength declined progressively, with the 10% mix recording only 38
N/mm? at 30 days and 33 N/mmz2 at 90 days. The reduction in strength at higher replacement levels is attributed to excessive
amorphous silica disrupting the geopolymer network and increasing microstructural porosity.

% Fly Ash replaced by Comp. Strength — 30 Comp. Strength — 60 Comp. Strength — 90
Silica Fume days (N/mm?2) days (N/mm?2) days (N/mmg2)
0 (Control) 41 39 37
2.5 43 41 39
5 45 42 40
7.5 40 37 35
10 38 35 33

Table 2: Compressive Strength (N/mm2) after Immersion in 5% HCI Solution — Silica Fume Replacement

60
40
- m o
0
0 (Control) 2.5 5 7.5 10

B Comp. Strength — 30 days (N/mm?) B Comp. Strength — 60 days (N/mm?)
Comp. Strength — 90 days (N/mm?)

Graph 1: Compressive Strength (N/mm?) after Immersion in 5% HCI Solution — Silica Fume Replacement

C. Compressive Strength after HCI Immersion — Metakaolin Replacement

For Metakaolin-replaced specimens immersed in HCI, compressive strength decreased monotonically with increasing
replacement level across all immersion durations (Table 3). At 2.5% Metakaolin replacement, a marginal improvement (42
N/mm?2 at 30 days) over the control (41 N/mm?) was observed, but 5% and beyond resulted in progressively lower strengths,
reaching 37 N/mm?2 at 30 days and 33 N/mm?2 at 90 days for 10% replacement. This trend indicates that while small amounts of
Metakaolin contribute additional reactive alumino-silicate for geopolymerisation, excessive Metakaolin introduces unreacted
material that weakens the matrix under acid attack.

% Fly Ash replaced by Comp. Strength — 30 Comp. Strength — 60 Comp. Strength — 90
Metakaolin days (N/mm?) days (N/mmg) days (N/mmg)
0 (Control) 41 39 37
2.5 42 40 38
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5 40 38 37
7.5 38 36 35
10 37 35 33

Table 3: Compressive Strength (N/mm?) after Immersion in 5% HCI Solution — Metakaolin Replacement
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Graph 2: Compressive Strength (N/mm2) after Immersion in 5% HCI Solution — Metakaolin Replacement

D. Compressive Strength after MgSO. Immersion

Under MgSOs exposure, both Silica Fume and Metakaolin replacements demonstrated improved compressive strength
compared to HCI conditions. For Silica Fume, strength increased continuously from 41 N/mmz2 (control) to 48 N/mmz2 at 10%
replacement at 30 days, with all replacement levels outperforming the control (Table 4). For Metakaolin, the optimum was
achieved at 7.5% replacement (46 N/mmz2 at 30 days), with 10% showing a slight decline to 42 N/mm?, indicating excessive
replacement is detrimental (Table 5). The superior performance under sulphate conditions compared to acid conditions is
consistent with the known alkaline nature of the geopolymer matrix, which provides inherent resistance to sulphate ions.

% Fly Ash replaced by Comp. Strength — 30 Comp. Strength — 60 Comp. Strength — 90
Silica Fume days (N/mm?2) days (N/mm?2) days (N/mmg2)
0 (Control) 41 39 37
2.5 43 40 38
5 45 41 39
7.5 47 44 41
10 48 45 42

Table 4: Compressive Strength (N/mm?) after Immersion in 5% MgSO Solution — Silica Fume Replacement
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Graph 3: Compressive Strength (N/mm?) after Immersion in 5% MgSO.« Solution — Silica Fume Replacement
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% Fly Ash replaced by Comp. Strength — 30 Comp. Strength — 60 Comp. Strength — 90
Metakaolin days (N/mm?) days (N/mmg2) days (N/mmg2)
0 (Control) 41 39 37
2.5 42 40 38
5 45 42 40
7.5 46 44 41
10 42 39 37

Table 5: Compressive Strength (N/mm?) after Immersion in 5% MgSO. Solution — Metakaolin Replacement
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Comp. Strength — 90 days (N/mm?)

Graph 4: Compressive Strength (N/mm?) after Immersion in 5% MgSO.+ Solution — Metakaolin Replacement

E. Weight Loss under HCI and MgSO+ Exposure

Percentage weight loss increased with both immersion duration and replacement level under all exposure conditions
(Tables 6-9). Under HCI immersion with Silica Fume replacement, weight loss increased from 0.8% (control, 30 days) to 6.6%
(10% replacement, 90 days). Under HCI immersion with Metakaolin replacement, weight loss ranged from 0.8% (control, 30
days) to 5.9% (10%, 90 days). Under MgSOs, weight losses were consistently lower: Silica Fume mixes recorded 1.3% to 7.4%
and Metakaolin mixes recorded 1.3% to 7.5% over the full test range. The greater mass loss in HCI conditions compared to
MgSOs conditions confirms that acid attack degrades the geopolymer matrix more aggressively than sulphate attack.

% Fly Ash replaced by Weight Loss — 30 days | Weight Loss — 60 days | Weight Loss — 90 days

Silica Fume (%) (%) (%)
0 (Control) 0.8 2.4 5.4
25 14 3.6 5.9
5 15 3.9 6.1
7.5 1.8 4.2 6.4
10 1.9 4.5 6.6

Table 6: % Weight Loss after HCI Immersion — Silica Fume Replacement

% Fly Ash replaced by Weight Loss — 30 days | Weight Loss — 60 days | Weight Loss — 90 days

Metakaolin (%) (%) (%)
0 (Control) 0.8 2.4 5.4
25 1.2 3.0 4.4
5 1.6 3.6 4.8
7.5 1.9 4.1 5.3
10 21 4.5 5.9

Table 7: % Weight Loss after HCI Immersion — Metakaolin Replacement
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% Fly Ash replaced by Weight Loss — 30 days | Weight Loss — 60 days | Weight Loss — 90 days
Silica Fume (%) (%) (%)
0 (Control) 1.3 3.6 5.1
25 1.7 4.1 55
5 2.3 4.8 6.2
7.5 2.9 5.5 6.9
10 3.4 6.2 7.4

Table 8: % Weight Loss after MgSO. Immersion — Silica Fume Replacement

% Fly Ash replaced by Weight Loss — 30 days | Weight Loss — 60 days | Weight Loss — 90 days

Metakaolin (%) (%) (%)
0 (Control) 1.3 3.6 5.1
2.5 1.6 4.2 5.6
5 24 4.8 6.4
7.5 3.0 5.7 7.0
10 35 6.4 7.5

Table 9: % Weight Loss after MgSO. Immersion — Metakaolin Replacement

F. Discussion

The results demonstrate that Silica Fume is most effective as a fly ash replacement in HCI environments at 5%
substitution, while Metakaolin delivers optimum durability at 7.5% replacement under MgSOa conditions. The divergence in
optimal replacement levels between the two admixtures is attributed to their different reactivity mechanisms: Silica Fume
contributes additional amorphous SiO: that refines pore structure at low dosages but becomes disruptive at higher levels, whereas
Metakaolin introduces reactive Al:Os that enhances cross-linking in the geopolymer network up to 7.5%, beyond which excess
unreacted material creates weak zones.

The progressive decline in compressive strength with increasing immersion duration across all mixes reflects ongoing
chemical attack on the geopolymer matrix. Acid attack (HCI) causes dealumination and dissolution of the Si—O-Al backbone,
while sulphate attack (MgSQO.) promotes formation of gypsum and ettringite-like expansive products. However, the lower
strength loss and weight loss under MgSO4 compared to HCI confirms that the alkaline geopolymer binder provides inherently
better resistance to sulphate than to acid. This finding aligns with the conclusions of Bakharev (2005a) and Thokchom and Ghosh
(2009).

Workability of GPC was consistently low (5-15 mm slump) for all mixes due to the high viscosity of the alkaline activator
and the angular morphology of fly ash particles. The marginal improvement in slump with increasing Silica Fume or Metakaolin
content may be attributed to particle packing effects and ball bearing action of fine particles, which reduce inter-particle friction
and improve flowability. Notwithstanding the low workability, all mixes were workable under mechanical vibration during
casting.

Based on the experimental investigation into the durability of fly ash-based geopolymer concrete with Silica Fume and

Metakaolin as partial replacements, the following conclusions are drawn:

e Geopolymer concrete exhibited low workability (5-15 mm slump) across all mixes. Increasing replacement of fly ash with
Silica Fume or Metakaolin marginally improved workability, confirming suitability of both admixtures from a workability
standpoint.

e Under HCI exposure, 5% Silica Fume replacement achieved the highest compressive strength (45 N/mm?2 at 30 days, 40
N/mm?2 at 90 days). Beyond 5%, strength declined with both increasing replacement level and immersion duration. The
optimum replacement for acid-resistant GPC with Silica Fume is 5%.

o Under HCI exposure with Metakaolin, 2.5% replacement yielded marginal improvement (42 N/mm?2 at 30 days), while higher
levels showed decreasing strength. Metakaolin is less effective than Silica Fume for acid resistance.

e Under MgSOs exposure with Silica Fume, compressive strength increased with replacement level up to 10%, reaching 48
N/mm?2 at 30 days. All Silica Fume mixes outperformed the control under sulphate conditions.

e Under MgSOs exposure with Metakaolin, the optimum replacement was 7.5%, achieving 46 N/mm? at 30 days. The 10%
replacement caused a strength decrease, indicating the maximum beneficial replacement threshold.

Published By: Fifth Dimension Research Publication https://fdrpjournals.org/ 83|Page



Durability Study on Geopolymer Concrete by Replacement of Fly Ash with Mineral Admixtures

The present study can be extended in the following directions:

N

10.

Long-term durability studies (beyond 90 days) can be conducted on GPC specimens under HCI and MgSO4 immersion to
assess strength and weight loss trends at 180 and 365 days.

The combined effect of Silica Fume and Metakaolin with other supplementary cementitious materials such as GGBS, rice
husk ash, or nano-silica can be investigated to further enhance GPC durability.

Reinforced geopolymer concrete beams and columns can be tested to evaluate flexural strength, bond strength, and long-
term structural performance in aggressive environments.

High-temperature resistance, rapid chloride permeability, and carbonation resistance tests can be performed to obtain a
comprehensive durability profile of the GPC mixes studied.
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