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ABSTRACT

In this study, Portland cement was added to a mixture to address low early strength challenges in kaolin-
based geopolymers. The effects of various curing conditions were examined, including room temperature
and elevated temperatures (60°C and 90°C), as well as the influence of Superplasticizer (SP) dosages (0-
3%) on compressive and tensile strengths. The results showed that curing at 60°C for 24 hours provided
the optimal balance between early and long-term strength development, achieving compressive strengths of
26.7 MPa at 28 days. Although curing at 90°C offered rapid early strength, it resulted in diminished long-
term performance due to potential microstructural damage. SP addition improved workability and
mechanical properties, with the optimal dosages being identified as 1% for room-temperature curing and
2% for elevated-temperature curing. The findings stress the importance of curing conditions and material
composition in achieving high-performance geopolymer concrete. This type of concrete, when cured under
controlled elevated temperatures, is suitable for precast applications where thermal curing is feasible,
making it a promising eco-friendly alternative for structural elements in sustainable construction.
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I.  INTRODUCTION

Portland cement has been the primary concrete production
binder, that is, the most widely employed construction material.
However, its increasing use raises environmental concerns, as
its production emits large amounts of CO: into the atmosphere.
The cement industry contributes approximately 5-8% of global
CO: emissions [1-2]. About two-thirds of the latter originate
from the calcination of limestone, where calcium carbonate is
decomposed into calcium oxide and carbon dioxide. The
remaining one-third is attributed to fossil fuel combustion
during the calcination process [3].

Portland cement extensive utilization also results in
greenhouse gas emissions and global warming. Therefore,
finding new or alternative materials is important. Many studies
have attempted to develop materials as an alternative binder to
concrete, expected to either replace or reduce Portland cement
employment.

Geopolymer binder [4], for instance, could substitute
Portland cement. Various materials rich in silicon and
aluminum have been also investigated for geopolymer
synthesis. These include both natural and industrial by-product
materials, such as kaolin, metakaolin, kaolinite [5], fly ash [6-
71, slag [8], silica fume [9], rice husk ash [10], red mud [11],
mining wastes [12], Palm Oil Fuel Ash (POFA) [13], natural
pozzolan [14], combination of metakaolin and fly ash [15], slag
and fly ash [16], fly ash and silica fume [17], rice husk ash and
metakaolin [18], rice husk ash and fly ash [19-20], metakaolin
and slag [21], slag and silica fume [22], fly ash and POFA [23],
red mud and fly ash [24], metakaolin and red mud [25], fly ash,
slag, and silica fume [26], rice husk ash, silica fume, and
metakaolin [27], POFA, eggshell ash, and silica fume [28], red
mud, slag, and silica fume [29], fly ash and ground granulated
blast slag [30].

Kaolin, a natural material, can be easily accessed and has
various industrial applications. However, due to its crystalline
nature and low reactivity, the former is unsuitable for use in
cementitious binders, which can be overcome by increasing its
reactivity.

A common method to increase the reactivity of non-
reactive materials, including kaolin, is through thermal
treatment or calcination process to form metakaolin [31].
Thermal treatment can transform the crystalline kaolin to
amorphous metakaolin. The former requires high temperature
ranges, namely 700 — 850°C, to get the amorphous material
[32]. Lower temperature could result in not very active material
or metakaolin, while a calcination temperature higher than
850°C or 900°C could lead to material recrystallization, and
thus make it less reactive [33]. Regarding the optimal
calcination temperature for converting kaolin to metakaolin, no
definite value has been identified [5, 34]. This is due to others
factors, besides temperature, influencing this thermal or heat
treatment to transform kaolin to metakaolin. These factors
include the duration of treatment, rate of heating and cooling,
temperature, mineral composition, and kaolin particle size [5,
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31]. For example, for poor Greek kaolin, the optimal heat
treatment temperatures to convert it into highly reactive
metakaolin are reported to be 650°C for kaolin with low alunite
content and 850°C for kaolin with high alunite content, with a
treatment duration of 3 hours [35]. Calcination of high-quality
kaolin clay from Serbia [31] shows that the desired result was
obtained at a temperature of 650°C for 1.5 hours. Authors in
[33], investigated low-grade kaolinitic clay calcined at 500-
1000°C for 1 hour, and concluded that calcination at 800°C
results in the highest pozzolanic reactivity. Generally, it has
been revealed that the optimal calcination temperatures are in
the range of 600 — 900°C, with the duration varying from 1
hour to 24 hours, depending on the temperatures [34]. For
geopolymers incorporating kaolin or metakaolin, such a range
of calcination temperatures was also utilized [36-41].

Another method to improve the reactivity of the source
material in paste, mortar, or concrete mixtures is by curing
them at elevated temperatures. Like kaolin, fly ash is a low
reactivity material, but it is widely employed as a source
material for geopolymer. To improve its reactivity including
the resulted properties, elevated temperature curing is applied
for curing fly ash-based geopolymer, such as that reported in
[6, 42, 43].

Ordinary Portland Cement (OPC) has been also deployed in
the geopolymer mixture with low reactivity source materials,
like fly ash. Authors in [44] studied the properties of high-
calcium fly ash geopolymer mortar under different curing
conditions. A portion of the fly ash was replaced by OPC at up
to 15% by weight of the binder. The results demonstrated that
the compressive strength of the geopolymer mortar with
membrane cured increased with the increase of OPC
replacement. Besides better compressive strength, the OPC
replacement also reduced the porosities and water absorption.
Authors in [45] examined the properties of geopolymer paste,
incorporating fly ash and OPC (GeoPC). It was exhibited that
the increase in OPC replacement could enhance the setting
time, early strength, and microstructures of GeoPC. Authors in
[46] concluded that the use of a small amount of OPC in fly ash
based geopolymer concrete cured at ambient conditions could
result in acceptable normal strength concrete. Concrete with
compressive strength of 40 MPa could be achieved by utilizing
5% OPC in the total binder. OPC presence could also make the
geopolymerization faster. Authors in [47] studied replacing
low-calcium fly ash with OPC in geopolymer concrete. OPC
levels of 0-30% were tested for strength and durability over
365 days. A 20% OPC replacement yielded optimal results,
with a compressive strength of 66.81 MPa and improved
durability, including reduced porosity and chloride
permeability. Higher OPC levels reduced performance due to
moisture loss and decreased geopolymer gel. Authors in [48]
examined how small additions of OPC (5-10%) affect Class F
fly ash geopolymers, cured at ambient temperature. Minimal
OPC significantly boosts early strength and accelerates setting
by promoting C-S-H and (N,C)-A-S-H gel formation,
especially with lower silica modulus (Ms) activators. The
optimal OPC content is 5 % for Ms = 1.2 and 7.5 % for Ms =
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1.5. However, excess OPC  impairs long-term
geopolymerization due to silica depletion and gel
incompatibility.  Thus, limited OPC improves early

performance but may reduce long-term strength. Authors in
[49] explored how varying OPC content affects metakaolin-
based geopolymers. A 5% OPC addition produced optimal
results, with 71.1 MPa compressive and 6.75 MPa flexural
strength, due to enhanced geopolymerization and C-S-H/N-A-
S-H gel formation. However, higher OPC levels (10-30%)
reduced strength by limiting water for hydration and disrupting
gel networks. Microstructural analysis confirmed structural
deterioration at higher OPC. Overall, small OPC additions
improve strength and density, but excessive use weakens
performance. Authors in [50] evaluated recycled OPC (ROPC)
as a supplementary binder in low-calcium fly ash geopolymer
mortars under ambient curing. Adding 7.5-10% ROPC,
reduced initial setting time from 1095 to 165 min and raised
28-day strength to 66 MPa. While ROPC increased porosity
and water absorption, it enhanced CaO content and promoted
C-S—H/geopolymer gel formation. Thus, it offers a sustainable
alternative to enhance early performance without heat curing;
though, long-term durability may remain a concern.

In preliminary studies, kaolin-based geopolymer concrete
has exhibited very low compressive strength, with some mixes
failing to set properly. Therefore, the present study aims to
develop kaolin-based geopolymer concrete incorporating
Portland cement and to evaluate its mechanical properties,
particularly compressive and tensile strengths. The study also
investigates the effects of curing conditions and SP dosages on
these properties.

II. MATERIALS AND METHOD

A. Materials

Kaolin used as the source material for producing
geopolymer concrete was obtained from a local deposit in
North Sulawesi Province, Indonesia. It was sieved through a
No. 50 ASTM sieve before being used in the mix. Its chemical
composition is presented in Table I, where it is demonstrated
that silicon oxide (SiO2) and aluminum oxide (Al.Os) together
account for approximately 80% of the total content.

General-purpose OPC, compliant with the Indonesian
National Standard, was utilized as an additive in the mixture.
The alkaline activator solution was prepared by combining
sodium hydroxide (NaOH) solution with sodium silicate
solution. Specifically, a 14 M sodium hydroxide solution was
mixed with sodium silicate to form the activator. Fine and
coarse aggregates commonly used in the construction industry
and locally sourced were employed in the concrete production.
Additionally, a polycarboxylate-based SP—widely used in the
regional construction industry—was incorporated into selected
mixtures.

B. Mixture Proportion

Two types of mixture proportion were used in this study.
Regarding the first mixture, the percentage by weight of the
binder (kaolin, sodium hydroxide, sodium silicate, and Portland
cement) is 29% and for the aggregates (fine and coarse), it is
71% (26% of fine aggregate and 45% of coarse aggregate). The

sodium silicate to sodium hydroxide ratio is 2.7. For the second
mixture, the binder: the aggregate ratio is 30:70 (21% of fine
aggregate and 49% of coarse aggregate), while the sodium
silicate to sodium hydroxide ratio is 3.3. For both mixtures, the
addition of Portland cement is 15% of/by the weight of total
binder. Polycarboxylate-based SP was added in the second
mixture based on a designed dosage, as explained in the
experimental program. The SP dosage is in percentage of the
total weight of the binder. The fine aggregate has a fineness
modulus of 3.44, an apparent specific gravity of 2.75, and a
maximum water absorption of 10.82%. The coarse aggregate,
with a maximum size of 19 mm, has an apparent specific
gravity of 2.76, a maximum water absorption of 1.67%, and a
Los Angeles abrasion loss of 18.14%. Mixture I was used to
study the effect of curing types to the resulted compressive
strength and tensile strength (split tensile strength and flexural
tensile strength), whereas Mixture II was deployed to study the
effect of SP addition.

TABLE L. CHEMICAL COMPOSITION OF KAOLIN
Oxides Content (%)
ALO; 33.0
SiO, 48.3
P,0s 0.95
K,O 0.79
CaO 0.50
TiO, 4.63
V105 0.11
F6203 4.34
CuO 0.06
Ga203 0.04
SrO 0.24
710, 0.55
MoO; 6.49%

C. Manufacturing of Specimens

Before mixing all materials, according to the designed
mixture composition, the sodium hydroxide solution was
prepared by dissolving sodium hydroxide pellets in tap water to
achieve the desired concentration (14 M). This solution was
then combined with the sodium silicate solution to form the
alkaline activator. Coarse and fine aggregates were first dry-
mixed in a concrete mixer. Subsequently, kaolin and OPC were
added, and mixing continued until a uniform blend was
achieved. The previously prepared alkaline activator solution
was then gradually added to the dry mixture, while mixing
continued until a homogeneous fresh concrete was obtained.
The fresh concrete was cast into prepared molds and
compacted using a combination of rodding and vibration table
methods. Cylindrical specimens with a diameter of 100 mm
and a height of 200 mm were used for compressive and split
tensile strength tests (Figure 1). For flexural tensile strength
tests, prismatic specimens measuring 100 mm x 100 mm x 400
mm were utilized (Figure 2).

D. Curing of Specimens

Two types of curing were applied for the specimens i.e.
room temperature curing and elevated temperature curing
(oven curing). The latter aims to enhance the reactivity of
kaolin as a source material in geopolymer mixtures. It has been
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demonstrated that elevated temperature curing improves the
mechanical properties of geopolymers formulated with low-
reactivity source materials, such as fly ash or kaolin [6, 42, 43,
51]. This curing method accelerates the geopolymerization
process by promoting the dissolution of aluminosilicate
precursors and facilitating the formation of a hardened
structure, particularly during the early stages of the reaction
[52]. Four types of elevated temperature curing were utilized,
based on the temperature and curing period duration as
described in the next section.

E. Experimental Program
The experimental program involved:

e Mixture I: Curing types: Room temperature, oven 60°C for
6 hours (60°C-6h), oven 60°C for 24 hours (60°C-24h),
oven 90°C for 6 hours (90°C-6h), oven 90°C for 24 hours
(90°C-24h). Testing age for each curing type: 7 days, 14
days, and 28 days for compressive strength, and 7 days and
28 days for tensile strength (split tensile and flexural tensile
strength.

e Mixture II: SP dosage: 0%, 1%, 1.5%, 2%, and 3% by
weight of total binder. Curing types for each SP dosage:
Room temperature and oven 60°C for 24 hours (60°C-24h).
Compressive strength test at 7 days and 28 days for all SP
dosages. Tensile strength (split tensile and flexural tensile
strength) tests were only for 0% and 2% SP dosages. Four
specimens were prepared for the compressive strength and
split tensile strength tests, while three specimens were
prepared for the flexural tensile strength test.

All test results were compiled, tabulated, and cross-
validated across specimens to ensure accuracy. For each test
group, the average values were calculated from multiple
specimens, and consistency was checked. These data were then
used as the foundation for trend comparison and interpretation
in the subsequent analysis.

III. RESULTS AND DISCUSSION

The data obtained from the experimental program,
including compressive and tensile strength results under
various curing conditions and SP dosages, were systematically
analyzed to evaluate performance trends. These verified test
results form the basis for the analytical discussion presented in
this section.

A. Effect of Curing Types

The test results of Mix-1 kaolin-based geopolymer concrete
with Portland cement addition are illustrated in Figures 3-5,
Tables II and III for compressive strength and tensile strength
at various curing types.

1) Compressive Strength

Figure 3 and Table II present the development of
compressive strength at various curing conditions. It can be
seen from the graph that the compressive strength of the
specimens cured at room temperature increased steadily over
time, rising from 7.7 MPa at 7 days to 15.3 MPa at 28 days.
This indicates that the geopolymerization process progresses

more slowly under ambient conditions due to the limited
reaction speed of the binders.

Elevated temperature curing significantly enhances the
early-age strength of geopolymer concrete, with particularly
pronounced strength gains observed in specimens cured at
60°C for 24 hours and 90°C for 6 hours, demonstrating that
heat effectively accelerates the geopolymerization process.

Fig. 1. Specimens for compressive strength and split tensile strength tests.

Fig. 2.

Specimens for flexural tensile strength tests.
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Fig. 3. Compressive strength development for various curing types.
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TABLE II. COMPRESSIVE STRENGTH FOR VARIOUS
CURING TYPES
Compressive strength (MPa)
Curing types Age (days)
7.0 14 28

Room temperature 7.7 11.6 15.3
Elevated temperature

(60°C-6h) 11.2 14.3 16.8
Elevated temperature

(60°C-24h) 215 24.6 26.7
Elevated temperature

(90°C-6h) 22.1 23.1 239
Elevated temperature

(90°C-24h) 18.8 20.8 229

Curing at 60°C for 6 hours slightly improves early-age
strength compared to room temperature curing, but the long-
term strength gain is relatively modest. The short duration of
heating is likely insufficient to fully activate the binders. While
curing at the same temperature but for longer time (24 hours)
results in the highest overall compressive strength at all ages
(21.5 MPa at 7 days, 24.6 MPa at 14 days and 26.7 at 28 days),
indicating that extended curing at a moderate temperature
provides optimal activation of the geopolymer matrix, leading
to greater strength development.

Curing at 90°C for 6 hours results in high early strength
(similar to that achieved at 60°C for 24 hours), but the strength
plateaus after 14 days. This suggests that short-term curing at a
high temperature achieves rapid strength development.
However, it might result in higher porosity, limiting further
reactions over time, due to potential micro-cracking or over-
activation and extended curing at 90°C. This may lead to
diminished long-term strength gain [53, 54].

Curing at 60°C provides a more balanced strength gain
across all ages, with 60°C for 24 hours identified as the optimal
curing condition, whereas curing at 90°C accelerates early-age
strength development but fails to sustain the same level of
improvement over time, potentially due to the adverse effects
of high-temperature exposure.

Strength development from 7 to 28 days is significant for
curing at room temperature and at 60°C for 6 hours,
highlighting the importance of allowing sufficient curing
periods to realize the full potential of kaolin-based geopolymer
concrete.

Authors in [44] concluded that incorporating OPC as an
additive in high-calcium fly ash-based geopolymers enhances
mechanical properties, including compressive strength. It was
also stated that curing methods significantly influence the
performance of OPC-containing geopolymers, with elevated
temperature curing leading to higher early-age compressive
strength. Additionally, research on low-calcium fly ash-based
geopolymers has demonstrated that OPC inclusion accelerates
the geopolymerization process and enables setting times
comparable to those of conventional cement concrete. The
incorporation of as little as 5% OPC in the total binder has been
shown to achieve compressive strengths exceeding 50 MPa for
mortar samples and approximately 40 MPa for concrete
samples at 28 days [46].

2) Tensile Strength

Figures 4 and 5 and Table III display the split tensile
strength and flexural tensile strength, respectively, at 7 and 28
days under various curing conditions. The highest split tensile
strength (Figure 4) for both 7 days and 28 days is achieved by
specimens cured at 60°C for 24 hours (2.28 MPa and 2.38
MPa, respectively). The lowest values were observed in
specimens cured at room temperature (1.09 MPa at 7 days and
1.45 MPa at 28 days). Elevated temperature curing consistently
outperformed room temperature curing at both 7 and 28 days.

2.50

2.00
1.50
1.00 -
0.50 -
0.00

[

=3

m 7 days
W 28 days

Split tensile strength (MPa)

19

Room Elevated Elevated Elevated Elevated
temperature temperature temperature temperature temperature
(60C-6h) (60C-24h) (90C-6h) (90C-24h)

Curing types

Fig. 4. Split tensile strength at 7 and 28 days for various curing conditions.

The split tensile strength for all curing conditions ranges
around 9%-12% of its companion compressive strength. As can
be seen from Figure 5, similar to the split tensile strength,
curing at 60°C for 24 hours results in the highest flexural
tensile strength at both 7 days (3.2 MPa) and 28 days (3.91
MPa). Generally elevated temperature curing results in higher
flexural tensile strength compared to room temperature curing
for 7 days and 28 days except for the 28-day strength of curing
at 90°C for 24 hours, where the flexural tensile strength (3.22
MPa) is a bit lower than that of room temperature curing (3.38
MPa). The flexural tensile strength for all curing conditions
ranges around 14%-25% of its companion compressive
strength.

4.00

3.50
3.00
250 -
2.00
1.50
1.00
0.50
0.00

m 7 days
M 28 days

Flexural tensile strength (MPa)

Room Elevated Elevated Elevated Elevated
temperature temperature temperature temperature temperature
(60C-6h)  (60C-24h)  (90C-6h)  (90C-24h)

Curing types

Fig. 5.
conditions.

Flexural tensile strength at 7 and 28 days for various curing
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TABLE IIL TENSILE STRENGTH FOR VARIOUS CURING 20.0
TYPES ©
s
Curing types Sl;l';;;:'s'le Stre“gtgél\gag? :_:_:; 15.0
Room temperature 1.09 1.45 s
Elevated temperature (60°C-6h) 1.75 2.04 ‘E 10.0 -
Elevated temperature (60°C-24h) 2.28 2.38 g m 7 days
Elevated temperature (90°C-6h) 1.66 2.26 a m 28 days
Elevated temperature (90°C-24h) 1.62 2.12 £ 50
. Flexural tensile strength (MPa) ]
Curing types 7 days g7 days §
Room temperature 1.99 3.38 0.0
Elevated temperature (600C-6h) 2.32 3.76 0% 1% 1.50% 2% 3%
Elevated temperature (600C-24h) 3.20 391 Superplasticiser content
Elevated temperature (900C-6h) 3.12 3.60 . i X
Elevated temperature (900C-24h) 287 322 Fig. 6. Compressive strength of specimens cured at room temperature.

Authors in [49] demonstrated that the addition of 5%
ordinary Portland cement to metakaolin-based geopolymers,
oven-cured at 60 °C for 48 hours, enhanced geopolymerization
due to the heat generated from cement hydration. As a result,
the compressive strength reached 71.1 MPa, and the flexural
strength 6.75 MPa.

All test results for compressive strength, split tensile
strength and flexural tensile strength indicate that 60°C for 24
hours is the optimal curing condition, providing the best early-
age and long-term strength combination. Room temperature
curing can be a sustainable option, though it requires more time
to achieve comparable strengths and 90°C curing. Especially
for extended durations, it could result in long-term strength
reductions.

B. Effect of Superplasticizer Addition

1) Compressive Strength

The effect of SP addition in the mix on the compressive
strength of kaolin-based geopolymer is evaluated by varying
the SP content in the mix from 0% (no addition), to 1%, 1.5%,
2%, and 3% by weight of the total binder, including Portland
cement. Two types of curing were applied, room temperature
and elevated temperature curing. For elevated temperature,
only curing at 60°C for 24 hours (considered as the optimal
curing condition as discussed in previous section) was applied.
The compressive strength was tested at 7 and 28 days.

Figure 6 and Table IV demonstrate that, for room
temperature curing, all mixes with SP give higher compressive
strength compared to the mix with no SP. The addition of 1%
SP significantly increases compressive strength at both 7 and
28 days, suggesting that this level enhances the
geopolymerization process and improves mechanical
properties. However, beyond 1%, the compressive strength
progressively decreases at both ages, with reductions recorded
at 1.5%, 2%, and 3%, likely due to excessive SP interfering
with the geopolymer matrix's bonding structure or reducing
water availability for geopolymerization. The highest
compressive strength is achieved at 1% SP addition, identifying
it as the optimal content for this formulation.

As shown in Figure 7 and Table IV, under elevated
temperature curing, SP addition of up to 2% results in a
significant increase in compressive strength at both 7 and 28
days. The highest strength is achieved at 2%, indicating
enhanced geopolymerization and the formation of a stronger
matrix. Beyond 2%, compressive strength begins to decline, as
observed at 3%, possibly due to particle over-dispersion,
resulting in a less cohesive matrix; though, strength remains
higher than at 0%. All mixes with SP result in higher
compressive strength than the mix without SP. The optimal SP
content for elevated temperature curing is 2%, achieving
compressive strengths of 19.6 MPa at 7 days and 22.2 MPa at
28 days.

Compressive strength consistently increases from 7 to 28
days across all SP levels, indicating ongoing geopolymerization
and densification of the concrete matrix over time, a process
further accelerated by elevated temperature curing.

25.0
©
-9
2 200
I
]
@ 150 -
g
=
]
9 100 m 7 days
.g m 28 days
£ 50
£
5]
“ 00

0% 1% 1.50% 2% 3%
Superplasticiser content

Fig. 7. Compressive strength of specimens cured at elevated temperature
(60°C-24h).

2) Tensile Strength

SP influence on tensile strength (split tensile and flexural
tensile strength) is evaluated only for two mixes with 0% and
2% SP content. Figure 8 and Table V indicate that under room
temperature curing, the addition of 2% SP results in a
noticeable increase in split tensile strength from 1.36 MPa to
1.6 MPa at 7 days, and from 2.14 MPa to 2.19 MPa at 28 days,
showing a slightly higher increase at 7 days compared to
elevated temperature curing. For the latter, the split tensile
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strength improves more modestly at 7 days, increasing from
1.88 MPa to 1.93 MPa, but exhibits a more pronounced
improvement at 28 days, rising from 2.18 MPa to 2.59 MPa,
indicating that heat accelerates the long-term SP benefits by

enhancing geopolymerization and matrix integrity.

TABLE V. TENSILE STRENGTH FOR VARIOUS SP
CONTENT AND CURING TYPES
Split tensile Flexural tensile
Curing types SP strength (MPa) strength (MPa)
content 7 days 28 days 7 days 28

days

Room temperature 0% 1.36 2.14 246 3.19
2% 1.6 2.19 2.72 3.30

Elevated 0% 1.88 2.18 2.67 3.23
temperature 2% 1.93 2.59 3.23 391

TABLE IV. COMPRESSIVE STRENGTH FOR VARIOUS SP
CONTENT AND CURING TYPES
Compressive
Curing types SP content strength (MPa)
7 days 28 days

0% 5.3 9.5

Room 1% 8.7 17.7
temperature 1.50% 7.6 16.3
2% 6.6 14.3

3% 6.1 11.1

0% 74 16.5

Elevated 1% 13.7 17.8
temperature 1.50% 16.5 19.5
(60°C-24h) 2% 19.6 222
3% 17.9 20.4

Under room temperature curing (Figure 9 and Table V),
adding 2% SP slightly increases flexural tensile strength from
2.46 MPa to 2.72 MPa at 7 days, and from 3.19 MPa to 3.30
MPa at 28 days, indicating a limited impact on flexural
properties in these conditions. In contrast, elevated temperature
curing results in more significant improvements, with flexural
tensile strength increasing from 2.67 MPa to 3.23 MPa at 7
days and from 3.23 MPa to 3.91 MPa at 28 days, highlighting
the combined effect of accelerated geopolymerization and
improved matrix integrity facilitated by the SP.
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Curing Types and Superplasticiser Content

Fig. 8. Split tensile strength at 7 and 28 days for varied curing type and SP
content.
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Fig. 9. Flexural tensile strength at 7 and 28 days for varied curing type and
SP content.

The increase in strength of kaolin-based geopolymer
concrete with polycarboxylate-based SP can be attributed to its
dual-action dispersion mechanism, combining electrostatic
repulsion and steric hindrance. Polycarboxylate SPs are
composed of a main backbone, typically polyacrylic acid
chains, bearing negatively charged carboxylate groups that
adsorb onto the surfaces of binder particles, including kaolin
and Portland cement. These surface-bound charges induce
electrostatic  repulsion, preventing the particles from
aggregating. Additionally, the molecular structure of
Polycarboxylate SPs includes long lateral ether chains, which
extend into the surrounding matrix. These side chains create
steric hindrance, a physical barrier that further separates
particles and maintains dispersion even in high-alkaline
environments, such as those found in this geopolymer system.
This steric effect is particularly valuable when the electrostatic
repulsion is partially suppressed due to ionic strength or
elevated pH conditions. As a result, polycarboxylate SPs
enhance the homogeneity of the fresh mix, improve
workability, and contribute to a denser matrix, ultimately
leading to increased mechanical strength [55-59]. Although
workability was not directly measured in this study, its positive
effect on both compressive and tensile strength can be inferred
when compared to mixes without SP use.

C. Potential Applications and Benefits

At this stage of research, kaolin-based geopolymer concrete
with the addition of Portland cement has achieved compressive
strength values that meet the minimum requirement for
structural concrete. This requirement, as specified by the
Indonesian National Standard [60], is a minimum compressive
strength of 20 MPa. Although the maximum compressive
strength obtained at 26.7 MPa is relatively modest, it
demonstrates the material's potential. Given that this strength is
achieved under elevated temperature curing, the concrete is
currently more applicable to precast concrete production, where
controlled curing conditions are feasible. However, at this
stage, it is more appropriately suited for non-structural precast
components.

Kaolin-based geopolymer concrete is useful for sustainable
construction. It partly replaces Portland cement and helps
reduce carbon dioxide emissions. This is especially helpful in
areas with plenty of kaolin, as it provides a local and eco-
friendly option for making concrete.

IV. CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

This research investigates the enhancement of kaolin-based
geopolymer concrete through the addition of Portland cement
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to improve its reactivity. It evaluates the effects of various
curing temperatures and Superplasticizer (SP) dosages on the
mechanical properties of concrete. The study identifies the
optimal curing conditions and SP dosages that balance early-
age strength with long-term performance, providing valuable
insights for sustainable construction applications. However, it
has certain limitations. That is, the scope of mechanical
performance evaluation was limited to compressive and tensile
strengths, without incorporating microstructural analysis. The
following conclusions summarize the key findings of this
study:

e Kaolin-based geopolymer concrete incorporating Portland
cement demonstrates satisfactory mechanical performance.
The addition of 15% Portland cement to the mixture results
in compressive strength that meets the minimum
requirement for structural concrete as specified by the
Indonesian National Standard, which is 20 MPa.

e Curing conditions play an important role in the resulting
mechanical properties. Elevated temperatures significantly
enhance the compressive and tensile strength (split tensile
strength and flexural tensile strength) of kaolin-based
geopolymer concrete with Portland cement addition
especially at early ages.

e The most effective curing condition among the curing types
applied is 60°C for 24 hours, providing a balance between
strength development and curing efficiency.

e Curing at 90°C for shorter durations, provides rapid early
strength but may compromise long-term performance,
while extended curing at this temperature can result in
reduced strength.

e SP addition generally improves kaolin-based geopolymer
compressive strength with Portland cement addition at early
ages and at longer term. The optimal dosage is 1% for room
temperature curing and 2% for elevated temperature curing.

e Compared to the findings from previous studies on
geopolymers using other source materials, such as fly ash
and metakaolin with Portland cement addition, the strength
of kaolin-based geopolymer concrete—while satisfactory—
remains relatively lower. This presents a challenge and an
opportunity for future research to further investigate and
optimize its formulation, and so enhance the mechanical
properties of kaolin-based geopolymer concrete.

B. Recommendations For Future Research

Kaolin-based geopolymer concrete presents considerable
potential as a sustainable construction material. The
incorporation of a small amount of Portland cement has been
shown to enhance the system's reactivity and improve its
mechanical properties. However, several aspects require further
investigation to fully realize its potential. Future research
should focus on optimizing the mix design, including
determining the ideal proportion of Portland cement and
refining the ratios between source materials and alkaline
activators to enhance both workability and strength. Achieving
higher mechanical performance would expand the material’s
suitability for structural precast concrete applications.

Additionally, the development of mix designs and curing
methods that enable effective performance under ambient
conditions remains a key challenge for future works.

Microstructural studies are essential to gaining a deeper
understanding of the geopolymerization mechanisms in kaolin-
based systems. Such insights can help maximize the material’s
potential and address its current limitations. Achieving
satisfactory mechanical properties under ambient curing
conditions presents a major challenge but is crucial for
reducing the production cost of kaolin-based geopolymer
concrete.

Moreover, blending kaolin with other industrial by-products
or waste materials, such as fly ash, is a promising approach—
particularly in regions where such materials are abundantly
available. This strategy not only improves material
performance, but also supports the development of
environmentally friendly concrete technologies.
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