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Abstract — This study investigated the influence of partially replacing calcined bauxite residue (BR) with
ground granulated blast furnace slag (GGBS) and calcium sulfate dihydrate (CSD) in geopolymer concrete
(GC). The test program included tests on the mechanical properties of these blends, including flexural
strength and split tensile strength at ambient and elevated temperatures. All GC blends showed increased
flexural and split tensile strengths over time due to ongoing geopolymerization, with mix R40-G45-C15
achieving the highest gains—53.66% and 112.42% higher than mix R70-G15-C15 at 28 days. At elevated
temperatures (250°C, 500°C, 750°C), the compressive strength of R40-G45-C15 decreased from 45.27
MPato 11.41 MPa, while flexural and tensile strengths declined from 6.21 MPa to 2.34 MPa and from 4.57
MPa to 1.99 MPa, respectively.
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I. INTRODUCTION

Geopolymers are defined by alkali-activated aluminosilicate-rich units forming a semi-crystalline, three-
dimensional network. Unlike traditional Portland cement, they do not require calcination, resulting in
reduced CO2 emissions and lower use of natural resources, alongside the cost-effective integration of
industrial waste [1-5]. Compared to Portland cement, geopolymers exhibit enhanced durability in corrosive
conditions such as high temperatures and sewage [6, 7]; however, large-scale application remains
challenging due to the energy-intensive and costly nature of commercial alkali activators, like sodium
silicate, which may necessitate specialized pressure or heat drying treatments [8]. Life cycle assessments
show that alkali activators such as sodium silicate and potassium/sodium hydroxide are responsible for 74%
of greenhouse gas emissions [9].

A review of existing research indicates that while individual use of waste materials (CSD, BR, and GGBS)
in GC has been explored, the combined use of calcined BR, CSD, and GGBS for GC synthesis remains
under-researched. Thus, a novel approach using calcined BR-, CSD-, and GGBS-based GC with minimal
cement has significant potential. In this study, calcination was applied to increase the reactivity of BR in
GC production, creating several GC blends with varied amounts of calcined BR, CSD, and GGBS as
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aluminosilicate sources. The research focused on evaluating these blends’ mechanical properties at both
ambient and elevated temperatures.

. EXPERIMENTAL PROGRAM
I. Materials and Properties

This study incorporates binders in GC, utilizing calcined BR, CSD, and GGBS sourced from diverse
origins. Specific gravity values were recorded as 3.15 for BR, 2.42 for CSD, and 2.93 for GGBS. Table 1
presents the X-ray fluorescence (XRF) analysis of the precursor materials. The average particle sizes for
BR, CSD, and GGBS were 28.5 um, 58.9 um, and 9.5 um, respectively, with corresponding specific surface
areas of 3.5 m?g, 1.9 m?/g, and 0.68 m?/g. Experimental conditions maintained 99% purity for sodium
silicate and NaOH. River sand was used as fine aggregate with a maximum size of 0.75 mm and a specific
gravity of 2.68, while coarse aggregate size was limited to 19 mm with a specific gravity of 2.76. To prepare
BR, it was first dried at 100 °C in a blast oven, ground in a testing mill for 10 minutes, and mixed with 10%
water by weight to create test cakes of 20 cm diameter and 1-2 cm thickness. These cakes were subsequently
calcined in a muffle furnace following a designated firing schedule with target temperatures of 500 °C,
600 °C, 700 °C, and 800 °C.

Table 1. XRF results for the chemical compositions of BR, CSD, and GGBS

Compound BR (%) CSD (%) GGBS (%)
Iron oxide (Fe203) 14.92 1.4 1.56
Alumina (Al,03) 29.74 6.11 18.72
Calcium Oxide (CaO) 12.27 36.84 34.99
Silica (Si0») 22.11 7.98 30.59
Sodium oxide (Na,O) 10.43 0.45 2.06
Sulfur trioxide (SO3) 0.99 39.74 1.23
Magnesium Oxide (MgO) 1.94 2.14 2.72
Potassium Oxide (K»O) 3.01 0 2.95
Titania (TiO») 0.99 0.27 1.67
Loss on Ignition (LOI) 1.61 3.08 1.53

The calcination process involved raising the activation temperature for 30 minutes, followed by
maintaining it for 2 hours. Once calcination was completed, samples were removed from the muffle and
promptly cooled to room temperature before being ground for 5 minutes and then sieved using a 0.075 mm
mesh. To create mortar specimens, BR and Portland cement were mixed in a 3:7 mass ratio. The activity
index was determined by dividing the compressive strength of BR-containing mortar specimens by that of
Portland cement specimens after 28 days. Calcination of BR was carried out at temperatures of 500, 600,
700, and 800 °C. The reactivity potential of BR at these various temperatures was assessed through the
activity index. As shown in Figure 1, the activity index initially increased with temperature but declined at
higher temperatures, peaking at 0.88 at 700 °C—33.33% above the initial BR value of 0.66—before
dropping to 0.78 at 800 °C. These findings indicate a threshold temperature for BR calcination, beyond
which reactivity potential is not maintained. The results in [10] and [11] support 800 °C as the optimal
calcination temperature, although minor discrepancies are linked to the high calcite enrichment in the
original BR.
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Figure 1. Activity indices of BR at different temperatures.

ii. Fabrication and Testing of Samples

The GC was prepared using 425 kg/m? of calcined BR, CSD, and GGBS as precursors. The alkali-to-
binder ratio was set to 0.47, and a consistent Na2SiO3-to-NaOH ratio of 1.5 was applied across all blends,
with a NaOH concentration of 12M. Initially, calcined BR, CSD, GGBS, and aggregates were dry-mixed
for 5 minutes, followed by 3 minutes of mixing after adding the alkali solution. The specimens were cast
and cured at 80°C for 24 hours; once demolded, they were stored at 25°C for ambient curing. A
superplasticizer (SP) amounting to 1% of the binder was included to ensure uniformity in the mix. Testing
adhered to ASTM/C143 [12] standards, evaluating mechanical properties, including CS and FS, at intervals
of 7, 28, and 90 days. The specimens used were cylinders (150 mm x 300 mm) and prisms (100 mm x 100
mm x 500 mm), tested per ASTM C39 [13] and ASTM C78/C78M-21 [14].

11.RESULTS AND DISCUSSION

i. Flexural Strength

Structural elements like slabs, beams, and columns often experience bending stresses from live and dead
loads, making their structural stability and flexural strength (FS) crucial [15]. FS test outcomes for GC
blends cured over 7, 28, and 90 days are illustrated in Figure 2, showing a pattern similar to that of
compressive strength results. The study confirms that FS improves over time due to hydration reactions
[16]. Seven GC blends underwent FS testing up to 90 days, with 7-day FS values for blends R70-G15-C15,
R55-G30-C15, R55-G15-C30, R40-G45-C15, R40-G30-C30, R40-G15-C45, and R25-G60-C15 recorded
as 1.57 MPa, 1.87 MPa, 2.26 MPa, 2.64 MPa, 2.07 MPa, 2.41 MPa, and 2.31 MPa, respectively, rising to
6.17 MPa, 6.75 MPa, 7.87 MPa, 8.49 MPa, 7.29 MPa, 8.1 MPa, and 7.96 MPa by 90 days. The highest FS
was achieved by substituting 45% BR with 45% GGBS and 15% CSD, whereas GGBS and CSD contents
over 60% led to FS reduction due to dilution effects in the binding network [17].
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Figure 2. Flexural strength of various GC mixes
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ii. Split Tensile Strength

Figure 3 illustrates the change in split tensile strength (STS) of various GC blends over multiple curing
periods. At 28 days, the STS values for blends R70-G15-C15, R55-G30-C15, R55-G15-C30, R40-G45-
C15, R40-G30-C30, R40-G15-C45, and R25-G60-C15 were 1.98 MPa, 2.34 MPa, 2.54 MPa, 4.57 MPa,
3.83 MPa, 4.14 MPa, and 3.53 MPa, respectively. Using 45% GGBS and 15% CSD produced the highest
tensile strength, with increases of 133.33%, 130.81%, and 73.12% at 7, 28, and 90 days, respectively. By
90 days, the STS values had reached 3.2 MPa, 3.6 MPa, 3.92 MPa, 5.54 MPa, 5.05 MPa, 5.29 MPa, and
5.14 MPa [18-20].
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Figure 3. Split tensile strength of various GC mixes
iii. High-Temperature Effect

The GC specimens aged for 28 days were heated to 250°C, 500°C, and 750°C, and the reductions in their
mechanical strengths were evaluated in comparison to their strength at 25°C. Figure 4 shows the results of
CS, FS, and STS tests on samples after exposure to these elevated temperatures. The strength trend for GC
mixes demonstrated that as temperature increased, their mechanical integrity gradually weakened. While
mechanical strength did not sharply decline at lower temperatures—in some instances even increasing due
to additional geopolymerization and densification—initial signs of strength loss emerged at 250°C,
attributed to dehydration and thermal stress [21, 22]. At 500°C, the GC mix’s strength typically reduced
more due to matrix dehydration and binder breakdown, causing micro-cracks and structural weakening. At
750°C, significant thermal degradation processes, including alumino-silicate bond disruption and potential
sintering, led to extensive cracking and further loss of integrity [23]. The general trend showed initial
stability or minor gains in strength at lower temperatures, followed by a steady decline at higher
temperatures. Among the mixes, R40-G45-C15 showed the least strength reduction. Its CS dropped to 39.57
MPa, 29.61 MPa, and 11.41 MPa from an original 45.27 MPa at 250°C, 500°C, and 750°C, equating to
losses of 14.40%, 52.88%, and 296.75%, respectively. Likewise, FS declined from 6.21 MPa to 5.58 MPa,
4.23 MPa, and 2.34 MPa across these temperatures, representing reductions of 11.29%, 46.80%, and
165.38%. Similarly, STS fell to 3.98 MPa, 3.29 MPa, and 1.99 MPa from 4.57 MPa, reflecting losses of
14.82%, 38.90%, and 129.64%. In comparison, R70-G15-C15 exhibited more severe reductions, indicating
lower fire resistance with CS losses of 49.68%, 107.53%, and 603.26%; FS losses of 24.61%, 89.57%, and
304.04%; and STS losses of 21.47%, 69.23%, and 241.37% at the same temperatures. The performance of
R40-G45-C15 at 750°C underscores its suitability for high-temperature applications due to its superior
mechanical resilience.



International Journal of Advanced Natural Sciences and Engineering Researches

160

N
o

< ] m25°C m250°C ®500°C m750°C 1 B25°C m250°C_m500°C m750°C
o140 ¥ ]
S0 g 16 1
= E s ]
c) : Nt -
S0 Sl
? 80 S 1
o : g ]
= 60 } % gl
? ] < ]
CI5”_40 T 2 ]
] [} 4
E 20t T 4]
o ]
O . 1 . 1 . 1 . 1 . 1 . 1 . ]
o o o o O O o 2 02 8 9 & g 1
O o O W o O o) ®) o Q Q Q &) O
— ™ — < ™ — [{e}
O 0 0o o0 o 0 0 408 2 3 ® 9903
S 8 8 § 8§ 8§ 8 S 2 2 2 & &
r ¢ o @ & x g 8B B 8 8 g g
@ @ @ @ @ @ @
(a) (b)
16 ;
_ ] v25°Cc m250°C m500°C m750°C |
T14 1
o
212}
£
210 1
o .
B 87
(] ]
% 67
c ]
L ax
= H H H
(%)) 2:
0' . 1 . 1 . 1 . 1 . 1 . 1 -
Lo Lo o n o o Lo
— — ™ i ™ <t —
o 9 9 o 9 o Q
Te} o Lo n o Te} o
— ™ — < ™ - [{e}
e 9 9 9 9o 9 Q9
o Lo Lo o o o Lo
N~ Te} Ln < < < N
@ x @ @ @ @ 0 g
(©)

Figure 4. Mechanical strength of GC mixes subjected to high temperatures (a) CS (b) FS, and (c) STS

IVv.CONCLUSION

The following key conclusions can be drawn:

« All GC blends demonstrated increased flexural and split tensile strengths over time due to
ongoing geopolymerization. Among all mixes, the mix R40-G45-C15 with 40% calcined bauxite
residue, 45% GGBS, and 15% CSD achieved the highest flexural, and split tensile strengths,
being 53.66% and 112.42% higher than the mix R70-G15-C15 at 28 days, respectively,
demonstrating the critical role of curing time and the effectiveness of GGBS and CSD used in
the mix.

The elevated temperatures depicted that at 250°C, 500°C, and 750°C, the blend R40-G45-C15
showed the best results for the compressive strength, which decreased from 45.27 MPa to 39.57
MPa, 29.61 MPa, and 11.41 MPa, respectively. The flexural strength decreased from 6.21 MPa
to 5.58 MPa, 4.23 MPa, and 2.34 MPa, respectively, and the splitting tensile strength decreased
from 4.57 MPa to 3.98 MPa, 3.29 MPa, and 1.99 MPa, respectively.
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