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Abstract

This study presents a comparative evaluation of the durability of GGBFS-based Geopolymer Concrete
(GPC) and OPC concrete in rapid carbonation, sulphate, and alkali environments. All samples were
subjected to three severe conditions are carbonation at 4% CO:, 25°C and 60% relative humidity,
exposure to a 10% sodium sulphate (Na:SO4) solution, and immersion in a 10% sodium hydroxide
(NaOH) solution for alkali resistance. The durability characteristics were evaluated by the compressive
strength (CS) retention, weight variation, ultrasonic pulse velocity (UPV), and carbonation depth.
GPC-7 exhibited the highest strength retention, little weight loss, and the least depth of carbonation
across all exposure circumstances. The GPC-7 mix, including 80% GGBFS, 10% fly ash, and 10%
micro silica, surpassed the performance of the other ten concrete mixes. The alkaline activator
comprises sodium hydroxide (NaOH) and sodium silicate (Na:SiOy), markedly improving
geopolymerization and yielding a thick, chemically stable matrix in GPC mixes. The remarkable
performance results from its meticulously controlled binder composition, decreased calcium hydroxide
content, and refined pore structure achieved by the synergistic effects of fly ash and micro silica. These
findings confirm that GPC-7 is a resilient, sustainable, and high-performance alternative to OPC
concrete in chemically aggressive environments.

Keywords: Geopolymer concrete, chemical analysis; GGBFS, durability, carbonation, sulphate
resistance, alkali resistance, RCPT, SEM, sustainable construction

INTRODUCTION

Concrete, a versatile, inexpensive, and high CS building material, faces challenges in durability due
to severe environmental attacks such as carbonation, sulphate attack, and exposure to alkali, making it
a popular choice [1]. Conventional OPC concrete, the traditional choice in the building industry prone
to chemical damage, compromising its durability and causing long-term structural impairment, leading
to high maintenance requirements and shorter lifespan [2].
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CH3+ occurs when atmospheric CO: enters the
concrete matrix and combines with Ca (OH): to
form CaCQOs. Carbonation initially compacts
concrete, but it lowers pore solution alkalinity,
reducing the passive protection of embedded steel
reinforcement, leading to corrosion [3]. Enhanced
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carbonation and sulphate attack pose significant
threats to the durability of OPC-based structures,
especially in urban areas with high CO: levels [4].
Sulphate ions combine with hydrated cement
products, expansive products like gypsum and
ettringite [5]. Chemical attacks on OPC concretes,
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particularly those with high calcium hydroxide content, cause internal stresses, cracking, strength loss,
and structural deterioration. Alkali exposure, especially in industrial settings or alkaline wastewater,
leads to pore structure destabilization and cracking [6]. Due to extended exposure to very alkaline
conditions, OPC-based systems which are mostly made up of C-S-H phases are susceptible to chemical
leaching and deterioration. GPC, which is made by alkali activating aluminosilicate-bearing elements
such as fly ash, micro silica, and GGBFS to create a three-dimensional network of aluminosilicate gel,
is a possible remedy for durability problems [6,7]. Geo-polymeric gels are chemically stable over a
broad pH range and exhibit higher resistance against acid, sulphate, and chloride attacks, unlike OPC
hydration products. They also use industrial byproducts, reducing their carbon footprint and aligning
with green building practices worldwide [8].

GGBES is crucial for GPC mechanical properties and early strength gain due to reactive calcium
ions. Fly ash and micro silica refine the microstructure, resulting in finer pore networks and improved
chemical durability [9]. The synergetic effect of micro silica and fly ash aluminosilicates forms a dense
matrix, enhancing environmental degradation resistance [10,11]. Despite studies showing GPC's
benefits over OPC It is unclear how long-lasting GGBFS-based GPC will be when exposed to
carbonation, sulfate, and alkali in combination. Previous studies have reported isolated deterioration
mechanisms in laboratory conditions, without considering accelerated or combined exposures imitating
real-world aggressive environments [12—15]. This research aims to compare to durability of GGBFS-
based GPC and OPC concrete in accelerated carbonation, sulphate attack, and alkali exposure. The
evaluation criteria include CS retention, rapid chloride permeability test (RCPT) value, weight change,
UPV and carbonation depth [16-18].

OPC concrete exposed to 4% CO- environments shows rapid declines in alkalinity, leading to steel
depassivation and early corrosion initiation [19]. Sulphate attack, mainly through expansive gypsum
and ettringite production, is a severe durability hazard, especially in OPC-based concretes with high
calcium hydroxide concentrations [20,21]. GPCs are gaining popularity as sustainable alternatives to
OPC due to their improved chemical resistance and reduced CO: emissions [22]. GPC matrices, rich in
aluminosilicate gels, are more resistant to carbonation and sulphate attacks. GGBFS-based GPCs have
dense microstructures and low permeability, enhancing durability against external ion ingress [23].

Figure 1. Exposed Environments.
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Whereas GPCs typically exhibit better carbonation resistance than OPC, some of those containing
high amounts of calcium (particularly those containing high GGBFS) tend to have moderate depths of
carbonation under extreme conditions [24]. The incorporation of calcium in GPCs is capable of
modifying carbonation processes from basic pH decrease to complicated interactions through C-H-Ss.
However, fly ash and micro silica optimized mixes were discovered to neutralize carbonation effects
by enhancing pore structure and chemical stability [25]. Experimental research shows that GGBFS-fly
ash-based GPC mixes show less than 5% expansion after 12 months of sulphate exposure, surpassing
OPC concrete performance. Durability is attributed to the inhibition of expansive ettringite and gypsum
formation due to low free calcium content in GPCs [26].

The remarkable endurance of geopolymer matrices to very alkaline conditions was demonstrated by
samples soaked in 10% NaOH solution, which retained over 90% of its original CS after 180 days
because to the longevity of N-A-S-H & C-A-S-H gels, in contrast to OPC's delicate C-S-H phases.
Reuses of geopolymers such as fly ash, GGBS, and calcined clays are being investigated. A feasible
GRAC binder is a geopolymer based on fly ash [27]. Further research on geopolymer binder could
improve the mechanical qualities of recycled aggregate concretes, which often outperform natural
aggregate concretes. GRAC, a potentially green material that can reduce raw material consumption and
environmental pollution while offering appropriate performance, can be used in place of regular OPC
concrete [28].

RESEARCH SIGNIFICANCE

This research aims to compare to durability of GGBFS-based GPC and OPC concrete in accelerated
carbonation, sulphate attack, and alkali exposure. The evaluation criteria include CS retention, rapid
chloride permeability test (RCPT) value, weight change, UPV and carbonation depth. The study aims
to show how sophisticated GPC combinations, such as GPC-7, may be used to give high-performance,
eco-friendly alternatives to traditional OPC concrete under difficult environmental conditions. Research
has focused on concrete's long-term resistance to unfavourable environmental conditions, particularly
in the area of sustainable building materials. Carbonation-induced corrosion, which may happen in OPC
concrete, is one of the primary reasons why reinforced concrete buildings deteriorate. The study found
that blending GGBFS with additives like fly ash and micro silica significantly enhances the durability
of GPC. Micro silica improves pore structure and densifies interfacial transition zones, which reduces
permeability and enhances resistance to chloride ions. GPC mixtures with 80% GGBFS, 10% fly ash,
and 10% micro silica showed better CS retention, smaller chloride permeability, and lower carbonation
depth than ordinary OPC concretes under accelerated aging conditions, aligning with the current focus
on optimized GPC-7 mix.

MATERIALS AND METHODS
Materials

The materials used in this study were chosen to provide precise, consistent, and similar performance
between GPC and OPC concrete. The contents were acquired from trustworthy sources and described
in compliance with the pertinent standards and concreteness appropriateness. This section discusses the
various materials required to produce the concrete mix.

Pozzolanic and Cementitious Substances Cementitious binders, like Portland cement (PC), and
pozzolanic additives, such fly ash or silica fume, reinforce and extend the life of concrete and other
construction materials. While pozzolanic compounds need calcium hydroxide, which is produced when
cement hydrates, to react and produce cementitious products, cementitious binders react quickly to
water in order to harden.

Cement
53-grade OPC was the sole binder utilized in the control mix, in compliance with IS 12269:
2013.Because of its strong early strength and proven performance under typical curing circumstances,
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this grade of cement is widely employed in structural concrete projects. It served as the benchmark
against which the GPC formulations were evaluated [29].

Ground Granulated Blast Furnace Slag (GGBFS)

One of the main binders in the GPC mixtures was GGBFS, a byproduct of the steel industry. It is a
material that is highly reactive in alkaline settings due to its latent hydraulic characteristics and high
silica, calcium, and alumina concentrations. GGBFS contributes to GPC's improved durability, reduced
permeability, and enhanced long-term strength growth [9].

Fly Ash

The source of Class F fly ash was a thermal power station that ran on coal. It is very appropriate for
geopolymerization processes because to its rich aluminosilicate composition and low calcium oxide
content. Fly ash and alkali activators combine to form polymeric Si—O—Al chains in GPC mixes, which
hold the aggregates together. Its pozzolanic activity and tiny particle size further improve the mix's
workability and durability [30].

Micro Silica (Silica Fume)

Micro silica fume, another name for ilica fume, is a reactive pozzolanic material that comprises
minuscule particles. This amorphous form of silicon dioxide is a byproduct of the production of silicon
and ferrosilicon alloys. In a number of the GPC mixes utilized in this investigation, it was applied to
improve pore structure, lower chloride permeability, and raise CS. Micro silica is crucial for densifying
the concrete matrix and filling the tiny pore gaps between other particles [31].

Calcined Clay

Calcined clay was utilized as an additional cementitious element in a number of GPC mixes. It is a
byproduct of kaolinitic clay being thermally activated, and it provides a wealth of reactive silica and
alumina for the geopolymerization process. It is added to the mixture to increase durability features,

such as resistance to sulfate and chloride penetration, and to strengthen and grow the geopolymer
network [32].

Alkaline Activators

A combination of Na,SiOs, with NaOH is known as an alkaline activator. The two alkaline activator
solutions most commonly used to create GPC are Na.SiOs, and NaOH. The homogeneity of the GPC
mixture is the main effect of changing the alkaline activator ratio. The liquid turns viscous when the
alkaline activator ratio is increased from 1.5 to 2.5. GPC is less workable and sets more rapidly since
SS is the more viscous solution. The chemical composition of the alkaline activator affects the setting
time [33].

A 14-molar solution was created by dissolving the NaOH pellets in drinking water. This very alkaline
solution acts as a strong activator facilitating the dissolution of silica and alumina by rupturing the
aluminosilicate linkages in the pozzolanic materials. These dissolved components are subsequently re-
polymerized to create the stiff 3D geopolymer network. The selection of 14M molarity was based on
previous research that showed its effectiveness in activating low-calcium fly ash and GGBFS
combinations [7].

The alkali activator system included a commercially available liquid Na.SiOs solution in addition to
NaOH. The mass ratio of NaOH to Na.SiOs; was kept constant at 2.5 for every GPC combination.
Na2Si0s contributes more soluble silica, which encourages the formation of geopolymer gels and
facilitates the early development of strength. The combined activator solutions were made at least 30
minutes before to mixing to stabilize the exothermic reaction and give it time to cool to room
temperature before adding it to the concrete mix [34].
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Aggregates

In the building and construction sector, aggregate is combined with bitumen, concrete, Gypsum,
limestone, and other adhesives to form concrete or mortar. The aggregate determines the final product's
volume, stability, resistance to wear or erosion, and other crucial physical properties. Examples of
aggregates that are commonly used include burnt shale, pebbles, broken blast furnace slag, boiler ashes
(clinkers), sand, crushed or cracked stone, and burned clay. Coarse gravel is made up of pebbles, slag,
broken stone fragments, and other coarse materials, whereas fine aggregate is made up of sand, crushed
stone, or crushed slag screens. While coarse aggregate is used for more crucial characteristics, fine
aggregate is employed for thin slabs of concrete or other structural elements that require a smooth
surface.

Coarse aggregates of crushed angular granite stone with a nominal maximum size of 20 mm were
employed. The aggregates met IS 383:2016 gradation, shape, and cleanliness requirements. Granite
aggregates are reputed for their strength and hardness and are ideally suitable for high-performance
CM. Their angular nature also helps in higher interlocking with concrete matrix.

Natural river sand meeting Zone Il grading as specified in IS 383:2016 was utilized as fine aggregate
in every concrete mix. The sand was clean, devoid of organic impurities, and had good gradation to
provide sufficient workability and cohesion in both OPC and GPC mixes. Utilization of natural sand
provided minimum variation and maximum performance in terms of strength and finish.

Superplasticizer (SP)

A PCE a high-range water-reducing admixture was employed in every mix. Superplasticizer greatly
enhanced GPC and OPC mixes' workability and flowability without raising the water ratio [12]. In GPC,
it served to distribute the binder particles evenly and ensured better geopolymer development. Its
application was specifically crucial in retaining the desired slump and casting ease, particularly in mixes
with finer supplementary binders such as micro silica and calcined clay.

Water

Fresh clean drinking water was employed in the mixing of OPC concrete and also for slight
workability adjustments of GPC mixes. Water served a key role in initiating hydration in OPC concrete.
On other hand, the function of water in GPC mixes was mainly to enhance workability, since the
mechanism of reaction depends on alkali activation instead of hydration [35]. A measured and restricted
volume of water was added to prevent the workability from being weakened at the cost of geopolymer
reaction's integrity.

Methods

This section describes the step-by-step procedure adopted in the preparation, mixing, casting, and
curing of geopolymer and OPC CM. The approach was made to achieve material handling and testing
consistency to allow a valid comparison of performance characteristics.

Mix Design Strategy

Ten CM were created for this study: nine GPC mixes (GPC-1 through GPC-9) with different mixtures
of industrial by-products, and one OPC control mix in Figure 2. The OPC mix design was created in
accordance with established practices and ACI 211.1 standards for workability, strength, and durability,
as shown in Figure 1.

GPC mixes were formulated by substituting OPC completely with a combination of GGBEFS, fly ash,
calcined clay & micro silica in different ratios. All the GPC mixes were prepared with a uniform dosage
of alkaline activator solution and aggregate proportion so that the study could single out influence of
binder composition on performance.
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GPC Mixes (9 variations):

GGBFS, Fly Ash, Micro Silica >

Alkaline Activator: NaOH +
Na2Si03 (1:2.5)

OPC Mix (1 mix):
DESIGNED per ACI
211.1 standards

Concrete Mix Design
& Preparation

Casting & Curing:
Standard cube specimens
(e.g., 100mm)

Figure 2. Illustration of Concrete Mix formulation.

Tablel. Mix proportions of CM (kg/m?).

Mix | Fly | GGBFS | Calcined | Micro | Cement Coarse Sand | NaOH | Na:SiOs | Water | SP
ID Ash Clay Silica Aggregate (14M)

GPC- | 40 360 - - - 1222 658 40 100 8 6
1
GPC- | 80 320 - - - 1222 658 40 100 8 6
2
GPC- | 200 200 - - - 1216 655 40 100 8 6
3
GPC- | - 360 40 - - 1222 658 40 100 8 6
4
GPC- | - 320 80 - - 1222 658 40 100 8 6
5
GPC- | - 200 200 - - 1222 658 40 100 8 6
6
GPC- | 40 320 - 40 - 1222 658 40 100 8 6
7
GPC- | 40 340 - 20 - 1216 655 40 100 8 6
8
GPC- | - 320 40 40 - 1216 655 40 100 8 6
9
GPC- | - 340 40 20 - 1216 655 40 100 8 6
10
OPC - - - - 376 1054 740 - - 151 4.2

Table 1 shows that ten GPC mixes and one reference mix of conventional OPC were prepared for
comparison. All GPC mixes differed in binder proportions: fly ash, GGBFS, calcined clay, and micro
silica, whereas the alkaline activator proportion was kept constant (14M NaOH and 1:2.5 Na:SiOs
ratio). In all GPC mixes, the activator solution accounted for 35% of total binder weight. GPC-1 to
GPC-3 focused mainly on different fly ash-to-GGBFS ratios; GPC-4 to GPC-6 looked into higher
calcined clay content; GPC-7 to GPC-10 included micro silica for microstructural refinement. All mixes
had equal aggregate amounts and a PEC-based superplasticizer to improve workability. The OPC mix
was prepared as per ACI 211.1 standards with normal cement, aggregate, and water proportions, which
was taken as control benchmark to assess GPC performance.

Preparation of Alkaline Activator Solution

To make a 14 molar NaOH solution an alkaline activator made up of Na.SiOs; and NaOH combined
in a constant mass ratio of 2.5:1 pellets of NaOH were dissolved in drinkable water and kept in airtight
containers. A commercial-grade liquid Na.SiOs, was used. The two ingredients were blended about 30
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minutes before concrete mixing in order to achieve thermal stabilization by exothermic reaction and to
provide a uniform solution. This blended solution was applied in all GPC mixes at 35% dosage of entire
binder weight [36].

Mixing Procedure

The process of mixing was deliberately planned and implemented to achieve consistency, adequate
material dispersion, and proper activation of binder phases, particularly in GPC mixes. First, dry mixing
was performed by adding coarse aggregates (20 mm crushed angular granite) and natural river sand
(Zone 11) to a mechanical pan mixer with binder materials, such as GGBFS, calcined clay, fly ash,
and/or micro silica based on individual mix design. Dry blending was maintained for 2—3 minutes to
achieve a uniform blend of all solid ingredients. After dry mixing, alkaline activator solution in form of
a 14-molar NaOH solution and commercial sodium silicate (Na.SiOs) in a constant mass proportion of
1:2.5 was added step by step to the mix with mixer running. The activator solution, which had been
made at least 30 minutes before mixing, facilitated dissolution of aluminosilicate phases and triggered
the repolymerization reaction.

To enhance the workability of fresh mix without sacrificing its strength or adding water content, a
high-range water-reducing admixture based on PCE was used. The superplasticizer was dosed at 6
kg/m? in all GPC mixes, while for OPC mix, the slightly lower dosage of 4.2 kg/m?® proved sufficient.
Even with liquid activators, only an insignificant volume of drinking water (8 kg/m?) was used to adjust
consistency and provide improved handling when casting the GPC mixes. The OPC mix, on other hand,
used 151 kg/m?® of water to allow hydration and obtain the necessary slump. After the addition of all
liquid components including the activator solution, superplasticizer, and water to entire mix was
subjected to continuous mixing for another 3 to 5 minutes to attain a cohesive and workable blend
suitable for casting.

Casting and Compaction

As soon as the mixing was done, the new concrete was poured into prepared moulds to prevent any
loss of workability or early setting, particularly in geopolymer mixes. The moulds utilized were of
standard dimensions that were suitable for respective tests to be performed: cubes (100 mm) for CS
tests, cylinders (100 mm diameter x 200 mm height) for UPV and RCPT. Two layers of concrete in
each mould were used. Each layer was vibrated using a table vibrator to remove trapped air, achieve
good consolidation, and minimize the development of voids or honeycombs in the specimen. This was
crucial in obtaining dense, homogeneous specimens with uniform mechanical and durability
characteristics.

Following compaction, the top surface of each specimen was levelled using a trowel to achieve equal
height and smoothness. To avoid moisture loss in the initial curing stage, the surface was wrapped with
plastic sheets. This precaution was particularly necessary for GPC samples, which are prone to being
affected by ambient moisture levels, and OPC mixes to aid in continuous hydration. The whole process
of casting and compaction was carried out under laboratory conditions that were controlled to prevent
variability and ensure that test results thereafter were reliable.

Curing Regime

The curing method employed in this research differed between the GPC and OPC specimens, which
was a reflection of their inherent differences in setting and hardening mechanisms. In contrast to water-
induced hydration, geo-polymerization is initiated chemically, hence the GPC specimens were cured at
room temperature. Following a 24-hour setting period, the specimens were taken out of the mold and
kept at a steady temperature of 27 + 2°C with a relative humidity of around 60%. External water curing
was not applied to the GPC samples since it is superfluous and might possibly interfere with the
polymerization process. In contrast, OPC specimens were water cured conventionally to allow complete
hydration of the cementitious matrix. Following demoulding at 24 hours, these specimens were

© STM Journals 2025. All Rights Reserved 19



Investigation of Sulphate, Alkali and Carbonation Chemical Dhawan and Verma

immersed in clean water completely for 28 days according to IS 516:2014 specification. This process
supplied the required conditions for moisture to allow continuous hydration, strength development, and
microstructural densification within OPC concrete.

Testing setups

In order to evaluate the relative durability of GGBFS-based GPC and OPC concrete, a thorough
testing program was planned under accelerated exposure conditions. Three severe environments were
simulated: accelerated carbonation (4% CO: concentration at 25°C and 60% relative humidity), sulphate
attack (10% sodium sulphate solution), and alkali resistance (10% NaOH solution). These environments
were selected to simulate extreme durability issues in actual infrastructure applications.

Durability performance was mainly assessed by CS retention, weight variation, and UPV. CS tests
were carried out on 100 mm cube specimens following exposure periods of 7, 14, and 28 days. These
readings gave an idea of mechanical integrity and resistance against degradation of the binder systems
under severe chemical attack. Weight change was employed as a measure of material degradation,
absorption, or leaching, enabling quantitative comparison of mass changes due to sulphate and alkali
solution interaction.

The UPV test was employed as a non-destructive method to assess internal deterioration,
microcracking, and general homogeneity. A reduction in PV would generally signify internal distress
caused by chemical reaction or structural weakening. Additionally, SEM analysis was also carried out
to monitor a microstructural behaviour of chosen samples under both exposure conditions. Propagation
of cracks, and formations of voids, which provided visual indication of chemical resistance and matrix
stability.

Amongst the mixes used, GPC-7 reported the best overall performance for all indicators of durability.
With its optimal combination of 80% GGBFS, 10% fly ash, and 10% micro silica, GPC-7 recorded the
lowest carbonation depth, lowest weight gain, and best retention of CS. Its performance was most
notable in alkali resistance test, where the minimal calcium hydroxide content and dense geopolymer
matrix yielded good resistance against alkali degradation. These results support the feasibility of GPC-7
as a durable and chemically resistant substitute for traditional OPC concrete in harsh service conditions.

RESULTS

GPC-7 showed better durability under carbonation, sulphate, and alkali conditions, retained the
highest CS, had the least weight gain, and least carbonation depths of all mixes as it was a blend of fly
ash, GGBFS and micro silica with an excellent matrix structure which enabled its superior
environmental stability.

Compressive Strength in Normal Water Curing

The CS of concrete samples was tested at 28, 56, and 90 days according to standard water curing
practices. These tests were carried out on 100 mm cube samples as per IS 516:2014. The findings clearly
indicate that all GPC mixes performed better than the OPC mix in early and long-term strength gain.
Notably, GPC-7 manifested the maximum CSs in all durations 36.7 MPa after 28 days, 44 MPa after
56 days, and 48.9 MPa after 90 days. Such high performance can be attributed to synergistic action with
80% GGBFS, 10% fly ash, and 10% micro silica incorporated into GPC-7, yielding better geopolymer
gel evolution and denser and more intact binder matrix. Conversely, the OPC mixture, produced as per
ACI 211.1 standard, exhibited lesser early strength (27 MPa at 28 days) and trailed behind in delayed age
strength (41.5 MPa at 90 days), proving the benefits of geopolymer chemistry in terms of strength [37].

The CS of different GPC mixtures and OPC at 28, 56, and 90 days of water curing are displayed in
Table 2. Generally, the GPC mixes demonstrate higher strength development compared to OPC across
all ages. For instance, at 90 days, GPC strengths range from 38.7 MPa (GPC-9) to 48.9 MPa (GPC-7),
exceeding the OPC strength of 41.5 MPa. Notably, GPC-7 exhibits the most significant strength gain
over time.
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Table 2. Compressive strength of OPC and GPC in water (28, 56, 90 days).
Mix 28d | 56d | 90d

GPC-1 | 326 | 39.1 | 434
GPC-2 | 30.1 | 36.1 | 40.1
GPC-3 | 30.6 | 36.7 | 40.8
GPC-4 | 31.1 | 373|414
GPC-5 | 329|395 | 439
GPC-6 | 29.8 | 357 | 39.7
GPC-7 | 36.7 | 44 48.9
GPC-8 | 323 | 38.8 | 43.1
GPC-9 | 29 34.8 | 38.7
GPC-10 | 30.2 | 35.8 | 42.1
OPC 27 353 | 415
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Figure 3. Compressive strength.

Figure 3 shows the CS of several CM at 28, 56, and 90 days of curing age. The mix ID represents
one OPC and nine PCs based on GGPFS (GPC-1 to GPC-9). As the curing ages grow, the graph shows
a steady improvement in CS for each mix. GPC-1's CS is 32.6 MPa at 28 days; it increases to 39.1 MPa
at 56 days and 43.4 MPa at 90 days. OPC shows a similar trend, rising from 27 MPa at 28 days to 35.3
MPa at 56 days and 41.5 MPa at 90 days. GPC-7 consistently demonstrates maximum CS at all curing
ages, with an impressive 48.9 MPa at 90 days. The incorporation of GPC has been found to increase
concrete CS over time.

Compressive Strength Under Exposure to Carbonation

According to the test protocol, samples were put in an accelerated carbonation chamber with a 4%
CO: concentration, 25°C, and 60% relative humidity to assess carbonation resistance. CS tests were
conducted following exposure times of 28, 56, and 90 days. GPC-7 has again reported the highest
values, 42 MPa at 90 days, under these intense exposures. However, OPC concrete only achieved 33.2
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MPa at the same age, indicating a considerable decrease in strength. GPC mixes like GPC-5 and GPC-
1 did not perform so badly, but none equated to GPC-7's consistent strength retention. Lower strength
loss of GPC-7 can be attributed to its low calcium hydroxide and dense matrix that restricts CO:
diffusion and carbonation-related deterioration. This verifies the improved chemical stability and
physical integrity of GPC when exposed to CO--rich conditions [38,39].

The Table 3 shows CS of various GPC mixes and OPC after 28, 56, and 90 days of carbonation
exposure. Overall, the CSs under carbonation are lower than those observed under water curing. At 90
days, GPC strengths range from 33.0 MPa (GPC-9) to 42.0 MPa (GPC-7), while OPC reaches 33.2 MPa.
Similar to water-cured samples, GPC-7 demonstrates the highest strength, but the carbonation
environment appears to impede the overall strength development for all mixes compared to water curing.

Figure 4 illustrates in CS of GGPFS increases with curing time and carbonation exposure. At 28 days,
it is 34.5 MPa; and at 90 days, GPC-1's strength is 28.7 MPa; at 56 days, it is 38.2 MPa. The strength
of OPC is 21.6 MPa at 28 days, 28.2 MPa at 56 days, and 33.2 MPa at 90 days. GPC-7 has the highest
CS, reaching 42 MPa after 90 days of carbonation and curing. Other GPC combinations, such GPC-5
and GPC-8, also show higher CSs than OPC.

Table 3. Compressive strength of OPC and GPC Under carbonation.
Mix 28d | 56d | 90d
GPC-1 28.7 | 345 | 38.2
GPC-2 | 283 | 349 | 37.7
GPC-3 | 254 | 305 | 349
GPC-4 | 264 | 31.7 | 359
GPC-5 | 29.6 | 35.6 | 395
GPC-6 | 25 30 343
GPC-7 | 315|378 | 42
GPC-8 | 28.7 | 346 | 384
GPC-9 | 238 | 285 | 33
GPC-10 | 246 | 29.7 | 35.2
OoPC 21.6 | 28.2 | 332
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Figure 4. Carbonation exposure.
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Compressive Strength Under Sulphate Exposure

Sulphate attack testing involved the immersion of specimens in a 10% sodium sulphate (Na2SO.)
solution, according to procedures provided. The outcomes show a great performance difference between
GPC and OPC mixes. GPC-7 had the highest strength for all intervals with a value of 46.5 MPa at 90
days, followed by OPC which had a considerably lower strength value of 34 MPa. All other GPC
combinations also exceeded OPC, with GPC-5 and GPC-1 having over 40 MPa at 90 days. The better
sulphate resistance of GPC is attributed to its low free lime content and lack of portlandite, minimizing
the production of expansive products such as gypsum and ettringite. The dense matrix created by
GGBFS and add-on binders also restrained the ingress of ions, attributing the overall enhanced
durability with sulphate exposure [40, 41].

The Table 4 shows the CS of various GPC mixes and OPC after 28, 56, and 90 days of sulphate
exposure. Similar to other curing conditions, strength generally increases with age for all mixes. At 90
days, the CSs of GPC mixes range from 35.6 MPa (GPC-9) to 46.5 MPa (GPC-7), which are mostly
higher than the OPC strength of 34 MPa at same age. GPC-7 consistently demonstrates the highest
strength under sulphate exposure as well.

Table 4. Compressive Strength of OPC and GPC Under Sulphate Exposure.
Mix 28d | 56d | 90d
GPC-1 30.6 | 36.8 | 40.8
GPC-2 292 | 35 38.9
GPC-3 28.5 | 34.1 | 379
GPC-4 29.2 | 35.1 | 39

GPC-5 31.6 | 37.9 | 42.1
GPC-6 27.7 | 33.2 | 36.9
GPC-7 349 | 41.8 | 46.5
GPC-8 30.7 | 369 | 40.9
GPC-9 26.7 | 32 35.6
GPC-10 | 295 | 345 | 36.3
OPC 22.1 | 29 34
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Figure 5. Sulphate exposure.
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The CS of different CM at 28, 56, and 90 days are shown in Figure 5 using PC and OPC based on
GGPFS (GPC-1 to GPC-9) as a control. Strength tends to grow with longer curing durations for all
combinations. GPC-1 strengths were 30.6 MPa, 36.8 MPa, and 40.8 MPa after 28 days, 56 days, and
90 days, respectively. OPC is 22.1 MPa at 28 days, 29 MPa at 56 days, and 34 MPa at 90 days. At 90
days, GPC-7 always has the highest CS, whereas OPC constantly has the lowest values. This suggests
that inclusion of GPC in GPC mixes enhances sulphate exposure CS, especially at advanced ages. The
proportion and composition of slag in each mix influence the strength achieved.

Compressive Strength Under Alkali Exposure

For assessing alkali resistance, the specimens were soaked in a 10% NaOH solution and tested at 28,
56, and 90 days. The results indicate that GPC-7 showed the maximum strength, with 43.5 MPa at 90
days, well above the OPC mix, which was as low as 33.6 MPa. GPC-5 and GPC-1 were closely following,
with strengths above 39 MPa. The improved performance of GPC-7 under aggressive alkaline
environments is a result of chemical stability of geopolymeric gel networks (N-A-S-H & C-A-S-H), which
are more stable than C-S-H phases of OPC concrete. This stability reduces dissolution and microcracking,
promoting the long-term integrity of geopolymer matrices in high-alkali environments [42].

The Table 5 shows CS of various GPC mixes and OPC after 28, 56, and 90 days of alkali exposure.
The CS for all mixes generally increases with age. At 90 days, the GPC mixes exhibit strengths ranging
from 33.3 MPa (GPC-9) to 43.5 MPa (GPC-7), with most surpassing the OPC strength of 33.6 MPa at
same age. Consistent with previous exposure conditions, GPC-7 achieves the highest CS under alkali
exposure as well.

Figure 6 shows the alkali exposure CS of nine CM at three distinct curing ages (28, 56, and 90 days).
The x-axis represents the Mix ID, which is made up of nine PC types (GPC-1 to GPC-10) and one OPC
that were taken from GGPFS. There is a consistent trend for CS to increase with longer cure durations
for most combinations. At 28, 56, and 90 days, the GPC-1 strength readings are 29.3 MPa, 35.1 MPa,
and 39.1 MPa, respectively. The strength of OPC is 21.9 MPa at 28 days, 28.6 MPa at 56 days, and
33.6 MPa at 90 days. GPC-7 has the greatest CS of 43.5 MPa at 90 days. The addition of GPC slag in
GPC mixes improves alkali exposure CS as curing age increases. The combination and amount of slag
in each mix affect the ultimate strength attained.

Damage Degree Under Carbonation

The extent of damage in carbonation exposure was measured by a damage index determined from
relative loss in CS. GPC-7 yielded the lowest damage index values, which stayed constantly at around
0.06 until the end of the testing period, indicating negligible loss in performance. OPC concrete gave
the highest damage index of 0.2, which indicated substantial deterioration. This is mainly because of
the chemical and structural make-up of GPC-7, which does not contain calcium hydroxide and has a
compact matrix that resists the ingress of CO.. The limited carbonation-induced deterioration of GPC-
7 further supports its appropriateness for COz-exposed environments.

Table S. Strength development of OPC and GPC in alkali environment (MPa).
Mix 28d | S6d | 90d
GPC-1 29.3 | 35.1 | 39.1
GPC-2 28.6 | 34.3 | 38.1
GPC-3 26.6 | 31.9 | 355
GPC+4 2741 329 | 364
GPC-5 30 36 39.9
GPC-6 | 25.8 | 30.9 | 345
GPC-7 | 32.6 | 39.1 | 435
GPC-8 | 29.1 | 349 | 38.8
GPC-9 | 249 | 29.8 | 33.3
GPC-10 | 25.1 | 30.5 | -
OoPC 219 ] 28.6 | 33.6
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Figure 6. Alkali exposure.

Table 6. Degree of Damage (Carbonation Exposure) at 28, 56, and 90 Days.
Mix 28d 56d 90d
GPC-1 | 0.119 | 0.118 | 0.12
GPC-2 | 0.142 | 0.14 | 0.143
GPC-3 | 0.17 | 0.169 | 0.171
GPC-4 | 0.151 | 0.15 | 0.151
GPC-5 | 0.101 | 0.101 | 0.1
GPC-6 | 0.158 | 0.159 | 0.157
GPC-7 | 0.06 | 0.061 | 0.06
GPC-8 | 0.111 | 0.109 | 0.109
GPC-9 | 0.179 | 0.18 | 0.178
GPC-10 | 0.12 | 0.15 | 0.18
OoPC 0.2 0.201 | 0.2

The Table 6 shows the degree of damage under carbonation for GPC and OPC mixes over 90 days.
Generally, GPC mixes exhibit a lower degree of damage compared to OPC, which consistently shows
a damage level around 0.2. Among the GPCs, GPC-7 shows the least damage (around 0.06), indicating
better resistance to carbonation-induced degradation. While some GPC mixes show slight fluctuations
in damage levels over time, they largely maintain lower values than OPC, suggesting improved
durability under carbonation exposure [43].

Figure 7 shows the degree of damage under carbonation in different CM at curing ages of 28, 56, and
90 days. The mix ID is nine batches of GGPFS (GPC-1 to GPC-10) based PC and one OPC. Most mixes
experience a decrease or stability in damage under carbonation with higher curing times. GPC-1 has a
damage level of approximately 0.12 at 28 days, drops slightly to 0.118 at 56 days, and remains constant
at 90 days. GPC-7's deterioration starts at 0.11 by 28 days and reduces to 0.06 by 56 and 90 days. OPC
records the highest degree of damage under carbonation at approximately 0.20 by 90 days. GPC blends,
such as GPC-5 and GPC-7, have lower damage levels compared to OPC, particularly at more advanced
ages. The incorporation of GPC in GPC mixes enhances carbonation damage resistance above OPC.
However, performance varies with the composition of GPC mixes.
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Weight Loss

Weight change was measured after 90 days of carbonation, sulphate, and alkali exposure. Specimens
were weighed before and after immersion to evaluate fluid ingress and leaching characteristics. GPC-7
had the minimum weight change in every condition 0.4 kg in carbonation, 0.7 kg in sulphate attack, and
0.5 kg in alkali exposure showing low porosity and better chemical stability. On the other hand, OPC
concrete gained the maximum weight in every environment, with a very high gain of 1.6 kg in the
sulphate solution. These findings verify that dense microstructure in GPC-7 prevents fluid absorption
and chemical diffusion and is therefore more resistant and less degradable in corrosive environments.

The Table 7 presents the weight change (%) of GPC and OPC mixes under carbonation, sulphate,
and alkali exposure. Generally, GPC mixes exhibit lower weight changes compared to OPC across all
exposure conditions. Under carbonation, OPC shows a weight change of 1.2%, while GPC values range
from 0.4% to 0.9%. Sulphate exposure leads to the highest weight changes, with OPC at 1.6% and
GPCs ranging from 0.7% to 1.5%. Alkali exposure results in intermediate weight changes, with OPC
at 1.5% and GPCs between 0.5% and 1.3%. GPC-7 consistently shows the lowest weight change across
all exposures, indicating better resistance to these degradation processes.

Table 7. Percentage weight change under various exposure conditions

Mix Carbonation | Sulphate | Alkali
GPC-1 | 0.8 1.2 1.1
GPC-2 | 0.7 1.1 1
GPC-3 | 09 1.4 1.3
GPC-4 | Weight c0.8 1.3 1.2
GPC-5 | 0.6 1 0.9
GPC-6 | 0.9 1.5 1.3
GPC-7 | 04 0.7 0.5
GPC-8 | 0.7 1 0.9
GPC-9 | 0.8 1.2 1.1
GPC-10 | 0.9 1.3 1.2
OPC 1.2 1.6 1.5
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Figure 7. Degree of damage under carbonation.
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Figure 8 shows the weight gain of different CM under carbonation, sulphate, and alkali exposure.
The Mix ID includes nine GGPFS (GPC-1 to GPC-10) based PC types and one OPC. The graph reveals
distinct patterns in weight change based on exposure type and GPC mix. For carbonation exposure,
most GPC mixes report moderate weight change, with GPC-7 having the least change at 0.4 kg. OPC
reports more weight change for carbonation, up to 1.2 kg. For sulphate attack, the weight gain varies,
with OPC having the maximum at 1.6 kg and some GPC mixes at minimal changes. For alkali attack,
OPC has the highest weight change, demonstrating better resistance against these attacks. Overall, OPC
is prone to the greatest weight changes under all three exposure conditions.

Ultrasonic Pulse Velocity (UPV)

The UPV test, a non-destructive test, was employed to check the internal quality of the concrete
samples. The PV were observed on 28, 56, and 90 days. GPC-7 showed the maximum PV of 4.91 km/s
on 90 days, representing the best internal homogeneity and lowest cracking. OPC attained a value of
4.77 km/s, which was slightly less. Although other GPC mixes likewise demonstrated satisfactory UPV
values, GPC-7's were uniformly better, in line with its high CS and low permeability. These findings
support the assertion that GPC-7 has a very dense and strong internal structure, vital to long-term
durability in field conditions.

Table 8. UPV values for CM at 28, 56, and 90 days.
Mix 28d | 56d | 90d
GPC-1 414 | 434 | 4.64
GPC-2 4.08 | 4.14 | 4.33
GPC-3 3.99 | 472 | 4.39
GPC-4 438 | 4.16 | 4.45
GPC-5 43 4.09 | 4.8
GPC-6 447 | 429 | 4.59
GPC-7 4.03 | 4.68 | 4.91
GPC-8 4.17 | 4.38 | 4.59
GPC-9 431 | 4.26 | 4.33
GPC-10 | 4.12 | 42 4.4
OPC 397 | 453 | 4.77
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Figure 8. Weight change.
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The Table 8 shows the UPV in km/s for GPC and OPC mixes over 90 days. Generally, UPV values
increase with age, indicating improved concrete quality. At 90 days, GPC UPV ranges from 4.33 to
4.91 km/s, while OPC reaches 4.77 km/s. Notably, GPC-7 exhibits the highest UPV at 90 days. While
most GPC mixes show comparable or slightly lower UPV than OPC, they still indicate good to excellent
concrete quality (typically above 3.5 km/s). Fluctuations in UPV at intermediate ages are observed for
some mixes.

Figure 9 demonstrates the UPV of several CM throughout 28 days, 56 days, and 90 days of curing
ages. The Mix ID comprises nine GGPFS (GPC-1 to GPC-10) based PCs and one OPC. One metric
used to assess the integrity and quality of concrete is the UPV. Denser and higher-quality concrete often
has a higher UPV. For most mixtures, the graph indicates a general tendency of higher UPV with longer
curing durations. The UPV value of GPC-1 is 4.14 km/s at 28 days, 4.34 km/s at 56 days, and 4.64 km/s
at 90 days. Additionally, OPC has a trend at 28 days of 3.97 km/s, 56 days of 4.53 km/s, and 90 days
of 4.77 km/s. The overall trend suggests that the incorporation of GPC development of dense and
organized concrete occurs with age.

Carbonation

Depth of carbonation was measured by halving the specimens and subjecting them to phenolphthalein
solution for measuring the depth of the pH change brought about by carbonation. The mean depth of
carbonation was least for GPC-7 at 2.4 mm, and OPC concrete had the highest depth of 7.8 mm. GPC
mixes like GPC-2, GPC-5, and GPC-8 also fared well, having depths less than 5 mm. The shallow
carbonation front in GPC-7 is due to its finer pore structure and lower calcium hydroxide content, both
of which restrict the penetration and reactivity of CO: in the matrix.

In all tested parameters CS under different exposures, carbonation damage intensity, weight change,
UPV, and carbonation depth GPC-7 was the most chemically stable and longest lasting concrete mix.
Its composition, with the combination of GGBFS, fly ash, and micro silica activated with an optimal
alkaline solution, helped create a compact, impermeable, and chemically resistant matrix. Conversely,
OPC concrete performed worse under all harsh conditions, verifying the susceptibility of conventional
hydration-based systems. Overall, these findings collectively substantiate GPC-7 as a high-performance
and sustainable OPC alternative for infrastructure under extreme environmental conditions.
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Figure 9. Ultrasonic pulse velocity.
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The Table 9 presents the carbonation depth (mm) measurements for GPC and OPC mixes, with five
readings and an average. OPC exhibits a significantly higher average carbonation depth of 7.8 mm,
indicating lower resistance to carbonation. In contrast, GPC mixes show varying degrees of resistance,
with average depths ranging from 2.4 mm (GPC-7) to 6.4 mm (GPC-6 and GPC-9). Notably, GPC-7
demonstrates the best performance against carbonation. The variability in readings within each mix
suggests some heterogeneity in the carbonation process. Overall, most GPC mixes show better
carbonation resistance than OPC.

Figure 10 illustrates the average carbonation depth observed in different CM, based on the "Mix ID"
of nine different forms of GGPFS (GPC-1 to GPC-9) and one OPC. The graph reveals significant
differences in carbonation depth between different mixes. OPC has the highest average carbonation,
around 7.8 mm. However, certain GPC blends show smaller average carbonation depths, indicating
better carbonation resistance. GPC-7 has the lowest average carbonation depth, while GPC-2 and GPC-
5 are also better than OPC in carbonation resistance. However, certain GPC mixes, like GPC-3, GPC-
6, and GPC-9, have carbonation depths closer to OPC. This suggests that GGPFS addition may increase
carbonation resistance, but the specific composition and content of slag in each GPC mix determine its
effectiveness. The varying performance during GPC blends underscores the need for optimized mix
design to achieve maximum carbonation resistance [3,38,39].

Table 9. Carbonation Depth (mm) of OPC and GPC.

Mix Vall | Val2 | Val3 | Val4 | Val5 | Average
GPC-1 | 4 5 4 6 5 4.8
GPC-2 |3 4 5 4 4 4
GPC-3 |5 6 5 7 6 5.8
GPC-4 |5 5 6 5 6 5.4
GPC-5 | 4 4 5 4 5 4.4
GPC-6 | 6 6 7 6 7 6.4
GPC-7 |2 2 3 3 2 24
GPC-8 | 4 5 5 4 5 4.6
GPC-9 |6 7 6 6 7 6.4
GPC-10 | 4 5 4 6 5 55
OoPC 7 8 8 7 9 7.8
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Figure 10. Average carbonation depth.
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Regression analysis using SPSS

Table 10 shows descriptive statistics of 13 variables mostly related to a materials or construction-
based experimental study in 10 samples (N=10). The variable CSC (likely compressive strength of
concrete) has a mean of 41.63 and a SD of 3.45, which suggests moderate variability in the data. The
variables FA, CC, and GGBFS have relatively high variability, especially FA and CC, which have a SD
of 62.54, implying that the proportions in these variables were varied significantly. The variables
NaOH, NaSiO, W (water), and SP (superplasticizer) had a SD of 0, which means that all values for
these variables were held constant across all samples. CA (coarse aggregate) and S (sand) have low
variation. The variable C's mean is 0 and its SD of 0, indicating that C was present in none of the
samples. Therefore, sequencing significant amounts of C in these experimental mix proportions should
be easier. Thus, this table provides a description of the variability and consistency of key mix
components in the experiment.

Regression research that examined the link between several parameters and the final CSC is
summarized in Table 11. With a multiple R of 0.775, this model demonstrates a significant positive
contemporaneous association between the predictors and the result. The model explains around 60% of
the variance in the dependent variable, according to the R Square score of 0.600. However, the limited
number of total cases and the number of predictors utilized must be taken into account, as indicated by
the Adjusted R Square of 0.281. The Standard Error of the Estimate, which is 2.9255, shows in average
distance between the regression line and the observed data. The model is not statistically significant at
the 0.05 level, according to the F Change of 1.879 and Sig. F Change of 0.252. The validity of this
model is demonstrated by the Durbin-Watson statistic of 2.069, which shows no significant evidence
of residual variable autocorrelation.

Table 10. Descriptive statistics.

Mean Std. Deviation N
CSC 41.630 3.4497 10
FA 40.00 62.539 10
GGBFS 308.00 59.029 10
CcC 40.00 62.539 10
MS 12.00 16.865 10
C 0.00 0.000 10
CA 1219.60 3.098 10
S 656.80 1.549 10
NaOH 40.00 0.000 10
NaSiO 100.00 0.000 10
w 8.00 0.000 10
SP 6.000 0.0000 10
Table 11. Regression(
Model R R? | Adjusted | Std.Error of Change Statistics Durbin-
R? the Estimate R? F af1 | df2 | Sig. F Watson
Change | Change Change
1 7754 | .600 281 2.9255 .600 1.879 4 5 252 2.069
Table 12. ANOVA.
Model SS df MS F Sig.
1 Regression 64.309 4 16.077 1.879 252b
Residual 42.792 5 8.558
Total 107.101 9
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The ANOVA results for the regression model are displayed in Table 12. The regression mean square
is 16.077 with a residual of 8.558, the regression sum of squares is 64.309 with four df, and the residual
sum of squares is 42.792 with five df. We cannot reasonably infer that the model is statistically
significant at the 0.05 level since the predictors do not significantly explain variance in the DV, as
indicated by the F-value of 1.879 and the significance level (Sig.) of 0.252.

The correlation and covariance calculations for S, GGBFS, MS, and CC are shown in Table 13. The
correlation matrix indicates that GGBFS and CC are moderately positively correlated (0.548), meaning
that when GGBFS is greater, CC is likely greater. Sand negatively correlates with both GGBFS (-0.393)
and CC (-0.365) and if associated, indicates an inverse relationship. Micro Silica positively correlates
with S (0.435) but displays no correlation with CC (-0.032). The covariance matrix showed these
associations with small values, and overall, the analysis suggests low variation jointly, as would be
expected. The correlation and covariance analysis indicates moderate dependencies and controlled
variation in the mix design.

Table 14 displays the regression coefficients that predict the dependent variable. Unstandardized
coefficients (B) demonstrate the true degree to which an independent variable affects the dependent
variable, whereas standardized coefficients (Beta) demonstrate the degree to which an independent
variable controls other independent variables. S displays the strongest positive effect (Beta = 0.865, p
= 0.053), trending toward statistical significance (+/-). Both MS and CC show positive influence (Beta
= 0.478), however, neither are statistically significant (p = 0.205 and p = 0.395, respectively). GGBFS
and CC show negative coefficients indicating inverse relationships. However, the overall model is not
statistically significant following all measures.

Table 13. Coefficient.

Model S GGBFS MS CcC
1 Correlations S 1.000 -.393 435 -.365
GGBFS -.393 1.000 -.292 .548
MS 435 -292 1.000 -.032
CcC -.365 .548 -.032 1.000
Covariances S .584 -.006 .022 -.005
GGBFS -.006 .000 .000 .000
MS .022 .000 .005 -4.192E-05
CC -.005 .000 -4.192E-05 .000

Table 14. Coefficient.

Model Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta
1 | (Constant) -1217.978 499.600 -2.438 .059
GGBFS -.020 .021 -.335 -.930 395
CC -.031 .020 -.567 -1.592 172
MS .098 .067 478 1.457 205
S 1.927 764 .865 2.521 .053

Table 15. Residual Statistics.

Minimum Maximum Mean Std. Deviation N
Predicted Value 38.317 47.695 41.630 2.6731 10
Residual -3.6857 3.5323 .0000 2.1805 10
Std. Predicted Value -1.239 2.269 .000 1.000 10
Std. Residual -1.260 1.207 .000 745 10
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The summary statistics of the residuals from the regression model are displayed in Table 15.
Predicted values varied between 38.317 and 47.695 with mean, standard deviation, and variance of
41.630, 2.6731, and 7.1640 respectively, indicating variability in predicted outcomes given the model.
Residuals, the difference of observed and predicted values, had a range of -3.6857, 3.5323, mean of
0.000, SD of 2.1805 indicating no systematic error in predictions. The standardized predicted values (
-0.9967, 2.0461) and standardized residuals ( -1.6868, 1.6471) of the predicted values are cantered about
zero with standard deviations close to 1, indicating the errors are normally distributed and the model
fits the data well without considerable influence from extreme outliers.

DISCUSSION

The durability testing of GGBFS-based GPC compared to OPC concrete revealed that GPC-7,
containing 80% GGBFS, 10% fly ash, and 10% micro silica, demonstrated superior performance under
all exposure conditions. GPC-7 recorded compressive strengths of 36.7 MPa, 44.0 MPa, and 48.9 MPa
at 28, 56, and 90 days, compared to OPC's 27.0 MPa, 35.3 MPa, and 41.5 MPa. Under carbonation
conditions, GPC-7 had the best strength retention (42.0 MPa at 90 days) and lowest level of damage
(0.06), while OPC experienced a significant reduction to 33.2 MPa and a damage index of 0.2. Under
sulphate exposure, GPC-7 retained 46.5 MPa, much higher than OPC's 34.0 MPa. In strongly alkaline
environments, GPC-7's strength was high (43.5 MPa at 90 days), much higher than OPC's (33.6 MPa).
GPC-7 also had the lowest weight gain under all test conditions, demonstrating its compact
microstructure and low ion penetration. It also recorded the highest UPV (4.91 km/s at 90 days) and the
lowest carbonation depth (2.4 mm) compared to OPC's 7.8 mm.

The regression study's goal was to predict concrete's (CSC) compressive strength using key
constituent components. The model's relatively excellent correlation (R = 0.775) was not statistically
significant (p = 0.252) due to the small sample size (N = 10). With a B = 0.865 and a p-value of 0.053,
Sand (S) was the most important predictor and was on the verge of becoming significant. Residual
analysis revealed a stable model with consistently distributed errors and no major outliers. However, if
other inputs have constant values but factors like FA and CC fluctuate significantly, the predictive
power could be limited. Additional research with larger sample sizes is recommended.

CONCLUSION

This research experimentally examined the durability of GGBFS-based GPC compared to normal
OPC concrete in accelerated carbonation, sulphate, and alkali environments. GPC-7, made up of 80%
ground granulated blast furnace slag, 10% fly ash, and 10% micro silica, was found to be most effective
and durable formulation. It surpassed OPC in terms of CS retention, weight stability, UPV, and
chemical degradation resistance. GPC-7 demonstrated high CSs after 90 days of exposure, with the
lowest depth of carbonation and weight gain. Its better performance can be attributed to its optimized
composition of reactive binders and high alkalinity activator system, which resulted in a dense,
impermeable microstructure and chemically stable geopolymer gels. GPC-7 also demonstrated
outstanding resistance to carbonation-induced pH fall, sulphate-induced expansion, and alkali-induced
dissolution. Its high UPV (4.91 km/s) confirmed its structural integrity under severe exposure
conditions. GPC-7 offers a sustainable, high-performance, and environmentally friendly alternative to
conventional OPC concrete, particularly for infrastructure exposed to harsh environmental conditions.
It also contributes to reductions in CO: emissions, supporting global efforts towards greener
construction practices.
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