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Abstract

Self-compacting geopolymer concrete (SCGPC) is an eco-
friendly substitute to traditional Portland cement concrete,
known for its lower carbon footprint. This study compares
two different types of SCGPC made from fly ash, ground
granulated blast furnace slag (GGBFS), and waste ceramic
powder (WCP), which are subjected to ambient and oven
curing at 60 °C and 80 °C for durations of 24 and 48 hours.
The focus has been on the use of WCP in SCGPC, which is
essentially industrial waste that can be used in the construc-
tion industry. Two batches of SCGPC are prepared: one with
60 % fly ash, 30 % GGBFS, and 10 % WCP (F60G30W10)
and another with 70 % fly ash, 30 % GGBF'S, and 0 % WCP
(F70G30W0). The study investigates the effect of different
curing conditions on the fresh state properties, mechanical
properties, as well as microstructural characteristics. The
results reveal that curing plays a very significant role in
enhancing the strength of the SCGPC. In the oven-cured at
80 °C, the compressive strength (CS) of the SCGPC mix
F60G30W10 is 33.7 MPa at 28 days, which was 3.37 %
higher than that of the oven-cured mix F60G30W0 under
similar curing conditions. Scanning electron microscopy
(SEM) analyses confirm that the SCGPC microstructure im-
proves with oven curing. X-ray diffraction (XRD) analysis
shows that increased curing temperature and WCP content
led to higher intensities of mullite, quartzite, CSH gel, and
calcite peaks compared to those observed in composite
F70G30W0.

INTRODUCTION

Concrete is a commonly used construction material that
emits greenhouse gases on a vast scale during manufacture,
negatively impacting the environment. The utilisation of
waste materials for production of construction materials can
help prevent the rapid depletion of natural resources. It has
been reported that concrete alone is accountable for about
40 % of CO; emissions in buildings /1/. Furthermore, up to
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Izvod

Samougradujuci geopolimerni beton (SCGPC) je ekoloski
prihvatljiva zamena za tradicionalni Portland cementni beton,
poznat po nizem ugljenicnom otisku. Ova studija uporeduje
dve razlicite vrste SCGPC napravijene od leteeg pepela,
mlevene granulirane sljake visoke pec¢i (GGBFS) i otpadnog
keramickog praha (WCP), koji su podvrgnuti oc¢vrséavanju
na sobnoj temperaturi i u pec¢i na 60 °C i 80 °C u trajanju
od 24 i 48 sati. Fokus je bio na upotrebi WCP u SCGPC-u,
koji je u sustini industrijski otpad koji se moze koristiti u
gradevinskoj industriji. Pripremljene su dve serije SCGPC:
jedna sa 60 % leteceg pepela, 30 % GGBFS i 10 % WCP
(F60G30W10) i druga sa 70 % leteceg pepela, 30 % GGBFS
i 0% WCP-a (F70G30W0). Studija istrazuje uticaj razlicitih
uslova oc¢vrs¢avanja na svojstva svezeg stanja, mehanicka
svojstva, kao i mikrostrukturne karakteristike. Rezultati poka-
zuju da océvrséavanje igra veoma znacajnu ulogu u poveca-
nju c¢vrstoce SCGPC. U rerni ocvrséen na 80 °C, ¢vrstoca
na pritisak (CS) SCGPC mesavine F60G30W10 bila je 33,7
MPa nakon 28 dana, sto je 3,37 % vise od cvrstoce kod
rerne F60G30W0 pod slicnim uslovima ocvrscavanja. Ana-
lize skening elektronskom mikroskopijom (SEM) potvrduju
da se mikrostruktura SCGPC poboljsava ocvrséavanjem u
rerni. Analiza rendgenskom difrakcijom (XRD) pokazuje da
povecana temperatura ocvrsc¢avanja i sadrzaj WCP dovode
do veceg intenziteta vrhova mulita, kvarcita, CSH gela i
kalcita u poredenju sa onima primecenim kod kompozita
F70G30W0.

20 % of all CO, emissions may come from the transporta-
tion of material used in the production of concrete /2/.
Cement is a crucial and expensive component of concrete.
It is estimated to cause CO, emissions of about 5-8 % glob-
ally /3-5/. The Global Cement and Concrete Association
states that 4.2 billion tonnes of cement are currently pro-
duced worldwide, and estimates suggest that by 2050,
demand will increase to 5.5 billion tonnes /6, 7/. Because of
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high carbon footprint associated with cement production,
there is a critical need to reduce CO» emissions. An effec-
tive approach to achieving this is by utilising supplemen-
tary cementitious materials, such as GGBFS, WCP, fly ash,
metakaolin, silica fume, etc. These materials not only
enhance the concrete properties but also decrease the need
for landfill disposal and lowered CO; emissions, as well as
support the sustainability goals /8, 9/.

In 1978, Joseph Davidovits invented geopolymer concrete
(GPC) as a substitute for OPC. GPC offers environmental
benefits, with an 80 % decrease in CO; emissions from
source material /4, 10, 11/. GGBFS, WCP, fly ash, meta-
kaolin, silica fume, and other industrial waste products can
be used to produce GPC /12-16/. GPC performs similar to
OPC in terms of CS, shear strength, split tensile strength,
thermal resistance /17/. The primary difference between GPC
and OPC concrete lies in their curing processes. In OPC con-
crete, water is needed for hydration, which leads to strength
gain. In GPC, however, a polymerisation reaction occurs
when the source material (alumina-silica) reacts with an
alkaline activator solution /18/. This reaction forms poly-
meric chains that act as a binder, with the polycondensation
of oligomers forming an aluminosilicate gel that provides
durability and strength to the GPC, /19-21/.

SCGPC is a sustainable and environmentally friendly sub-
stitute to traditional self-compacting concrete (SCC), using
industrial waste materials like, GGBFS, WCP, fly ash, meta-
kaolin, and silica fume instead of OPC. SCGPC retains the
beneficial properties of SCC while significantly reducing
the carbon footprint of concrete production /22/. A notable
feature of SCGPC is its ability to flow and compact under
its weight over long distances, filling in congested rein-
forcement and complex formworks without the need for
external vibration /23/. Besides its excellent workability,
SCGPC also shows superior mechanical and durability prop-
erties, particularly when cured under suitable conditions.
Research by /24/ found that increasing GGBFS content and
NaOH molarity, along with declining the alkaline liquid-to-
binder ratio, reduces the workability of fly ash-GGBFS-
based GPC. Conversely, higher molarity, slag concentra-
tion, and a lower alkaline liquid to binder ratio significantly
increases the CS. Increasing the sodium silicate concentra-
tion increases the viscosity of the geopolymer mix, result-
ing in a lower slump flow value for the GPC.

Curing conditions play a vital role in enhancing SCGPC
properties. While ambient curing is convenient and energy-
efficient, it may not consistently achieve the desired strength
and durability. Oven curing, on the other hand, accelerates
the polymerisation process, potentially enhancing mechanical
and durability properties /25/. The strength of SCGPC gen-
erally increases with an increase in curing temperature, as
high curing temperatures accelerate the geopolymerisation
process and facilitate its early hardening /26/. Research by
/27/ investigated the impact of curing temperatures ranging
from 10 to 80 °C on the development of GPC strength,
finding that oven-cured mixes gained strength more rapidly
than ambient-cured ones. However, ambient-cured GPC, alt-
hough slower to gain strength initially, showed significant
improvements after 28 days /28/. Researcher /29/ studied
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the shear-bond behaviour of SCGPC with conventional con-
crete. They found that the CS of ambient-cured SCGPC
specimens was 1.61 % higher than that of conventional
concrete. In addition, research by /30/ investigates the
impact of curing condition on properties of fly ash-based
GPC. Their study reveals that the CS of oven-cured GPC
specimens at 75 °C is 24.4 % higher than that of conven-
tional concrete at 28 days. In another study, Castel et al.
/29/ investigate the bond strength of blended F-class fly
ash-GGBFS based GPC with steel reinforcement. Their find-
ings indicate that 48 hours of oven curing at 80 °C is essen-
tial to achieve a comparable or better performance than that
of OPC-based concrete.

Several studies have investigated the behaviour of SCGPC
made from fly ash, GGBFS, and other waste products, as
well as their combinations, under ambient and oven curing
conditions. However, very limited research has been con-
ducted on their combination with WCP. Much of the study
focuses on ambient curing and, to a lesser extent, oven curing
conditions. This study seeks to fill this gap by investigating
the impact of these curing conditions on SCGPC perfor-
mance with and without WCP. The performance of the
SCGPC is evaluated by the fresh-state properties, compres-
sive strength, split tensile strength, rebound hammer strength,
UPV, density, modulus of elasticity, as well as microstruc-
tural analysis through SEM, XRD, and Fourier-transform
infrared spectroscopy (FTIR) under both curing conditions.
This study not only investigates the feasibility of incorpo-
rating WCP into SCGPC and the influence of curing condi-
tions on its properties but also provides valuable insights
for future sustainable and efficient construction practices,
potentially revolutionising concrete production and advanc-
ing the industry's sustainability goals.

MATERIALS AND METHODOLOGY

Materials used

To develop the SCGPC, this study utilises class F fly
ash, GGBFS, and WCP as binder materials. The fly ash has
a particle size of 4.46 microns, specific gravity of 2.07, and
bulk density of 770 kg/m?®. The GGBFS has a particle size
of 7.0 microns, specific gravity of 2.89, and bulk density of
1100 kg/m?®. The WCP has an average particle size of 12.8
microns, a specific gravity of 2.7, and bulk density of 1300
kg/m?. Table 1 shows these materials' oxide compositions
and percentages, as tested by the supplier company. In the
present study, an alkaline activator solution is prepared using
sodium silicate and sodium hydroxide (Na,SiO3/NaOH) in
a ratio of 1.5:1. The molarity of the sodium hydroxide solu-
tion is maintained at 12 M based on the previous research
/31/. To meet the fresh-state requirements of SCGPC, the
high-range water-reducing superplasticizer ‘Auramix 400’

Table 1. Oxides composition of the binders.

Oxides Fly ash GGBEFS WCP
Si02 54.16 37.73 96.6
AlO3 36.57 14.42 2.19
Cao 2.29 37.34 1.15
Fe:0s3 1.06 1.11 0.01
LOI 2.94 1.41 0.04
MgO 0.49 8.71 -
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is utilised at 6 % by weight of the binders. This superplasti-
cizer has a density of 1.05 g/cm?, a light-yellow appearance,
and low viscosity.

Mix proportion

Two batches of SCGPC, designated F60G30W10 and
F70G30WO0, are prepared and subjected to ambient temper-
ature and oven curing at 60 °C and 80 °C for durations of
24 and 48 h, respectively. On the basis of previous studies
by various researchers on geopolymer concrete, this ratio is
chosen to develop SCGPC /32-34/. Our previous work suc-
cessfully used these ratios to develop SCGPC as they fulfil
the EFNARC 2002 standards for SCC /35/. In the current

Table 2. Mix design proportion of SCGPC.

Materials (kg/m?)
Mix designation F70G30W0|F60G30W10

Fly ash 280 240
GGBFS 120 120
WCP - 40
Molarity 12 12
NaOH solids 384 384
Water 81.6 81.6
Sodium silicate 80 80
Superplasticizer % by weight of binder 6 6
Extra water % by weight of binder 16 16
Fine aggregate 1049.4 1049.4
Coarse aggregate 699.6 699.6

*F-Fly ash “G -GGBFS,"W-WCP

investigation, the activator solution to binder ratio is kept at
0.5, the Na;SiO3/NaOH ratio is 1.5:1, and the NaOH solu-
tion had a molarity of 12 M. Furthermore, 16 % extra water
is added to optimise the mix's workability, strength devel-
opment, and setting time. However, the inclusion of water
beyond a specific threshold caused bleeding and segrega-
tion in the mix, leading to a decrease in the concrete's CS
/36, 37/. Complete details of mix proportions for SCGPC
batches are depicted in Table 2.

Specimen preparation, casting, and testing

A sodium hydroxide solution is prepared one day before
casting. Then, it is mixed with sodium silicate solution for
one hour before mixing with all the other materials. The dry
aggregates are thoroughly mixed with fly ash, GGBFS, and
WCP in a mixer for 3 minutes. Subsequently, the alkaline
solution is slowly mixed, followed by adding a superplasti-
cizer. The mix is blended for 3 to 5 minutes to achieve
homogeneity. Then, it is tested as per the European Federa-
tion of Specialist Construction Chemicals and Concrete Sys-
tems (EFNARC 2002) /35/ guidelines to evaluate Slump
flow, V-funnel, Tso cm slump flow, J-ring, and L-box tests.
The fresh mix is poured into cubes of 100x100x100 mm for
the compressive strength test as per IS 516 (Part 1/Sec 1):
2021 /38/ and 100x200 mm for the split tensile strength test
as per IS 516 (Part 1/Sec 1): 2021, /38/. Furthermore, the
specimens are left to rest for 24 h at ambient temperature
/39, 40/. The SCGPC methodology followed during this
work is illustrated in Fig. 1.

AlKaline Activator
Solution

Fine Aggregate Coarse Aggregate

Wet Mix

NaOH

Freshstate Properties

Materialnsed

.

f
\

Ambient curing

Oven caring

Curing Condition

SEM

Test Conducted
Figure 1. Flowchart of the experimental methodology of SCGPC.

RESULTS AND DISCUSSION

Fresh state properties

The fresh-state properties of the mixture were previously
discussed in our article. Figure 2a-e and Table 3 demonstrate
the fresh-state properties of SCGPC. The incorporation of
WCP as a partial replacement for fly ash, while keeping
GGBFS constant, increases the workability of the mixes.
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This enhancement is primarily ascribed to the increased
dosage of superplasticizer rather than the addition of WCP,
which has a less pronounced effect. Additionally, the
improvement in SCGPC flowability is due to the combined
impact of incorporating WCP and the increase in the super-
plasticizer dosage. Furthermore, it is observed that higher
fly ash content reduces the workability of SCGPC due to
high-water absorption of fly ash which has a porous structure
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/40-42/. This modification affects the rate of chemical reac-
tions. According to EFNARC 2002 /9/ guidelines, the mix
F60G30W10 containing 10 % WCP achieves the best results
regarding fresh state properties.

Ny v

v, F.{ Ny
‘.at;{.r: [

Figure 2. Tested fresh state properties of SCGPC.

Table 3. Experimental results of fresh state properties of SCGPC.

Mix Slump | V- | J-ring |J-ring-| L-box Tso0
designation | flow | funnel | flow Bj |(H2/H1)| (cm)
(mm) (s) | (mm) | (mm) | ratio |slump
flow
F70G30W0
(ambient 684 11 660 9.0 0.98 5
curing)
F60G30W10
(ambient 702 12 693 7.0 0.91 5
curing)
F70G30W0 684 11 660 9.0 0.98 5
(oven curing)
F6OG3OWI0 | 705 | 15 | 603 | 7.0 | 091 | 5
(oven curing)
MECHANICAL PROPERTIES

Compressive strength

The effect of curing conditions on CS of SCGPC compo-
site with F70G30W0 and F60G30W10 is investigated by
comparing ambient curing with oven curing at 60 °C and
80 °C for 24 and 48 h. The CS at ages of 3, 7, 28, and 56
days is shown in Table 4 and graphically depicted in Fig. 3.
As shown in Fig. 3, the CS of SCGPC F70G30WO0 compo-
site at 28 days is 29.0 MPa at 60 °C and 32.6 MPa at 80 °C,
compared to 22.4 MPa under ambient curing conditions.
The SCGPC composite, cured at 60 °C and 80 °C for 48 h,
demonstrates strength improvements of 29.4 % and 45.5 %,
respectively, compared to ambient curing. A similar trend is
observed for composite FOOG30W10 under ambient and
oven curing at 60 °C and 80 °C for 24 and 48 h, respec-
tively. The CS of SCGPC composite at 28 days is 32.6 MPa
for oven curing at 60 °C and 33.7 MPa for oven curing at
80 °C, compared to 27.3 MPa under ambient curing. For
composites cured at 60 °C and 80 °C for 48 h, the strength
increases by 19.4 % and 23.4 % at 28 days compared to
those under ambient curing conditions.
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Figure 3. Compressive strength of SCGPC composites F70G30W0
and F60G30W10 at ambient and oven-cured at 60 °C and 80 °C.
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24 brcuring 48 hr curiog
3-days

Based on these findings, the optimum strength of the
oven-cured F60G30W10 composite at 80 °C for 28 days is
33.7 MPa, which is 3.37 % higher than the strength of the
F70G30WO0 composite under the same curing conditions.
This increase in strength is due to the enhanced polymerisa-
tion reaction under oven curing, exceeding that of all other
composites /43/. Researchers /44, 45/ observed that as the
curing temperature increases beyond 80 °C, it leads to a
decrease in the CS. Similarly, the CS of F60G30W10 com-
posite at 56 days shows a slight increase in strength com-
pared to the strength observed at 28 days, with a 1.18 %
increase compared to oven-cured specimens at 80 °C.
Furthermore, the strength of the ambient-cured composite
increases gradually over time. In contrast, the oven-cured
composite achieves most of its strength within the first 3
days, with only a minor increase in strength observed after
that period. The minor increase or decrease in CS after 3
days may be due to the low calcium oxide levels and
increased SiO; concentration in the binders /46, 47/. Addi-
tionally, the slower reaction rates of WCP and fly ash com-
pared to GGBFS partly contribute to these effects, /48/.

Split tensile strength

As depicted in Fig. 4 and Table 4, the split tensile strength
of the SCGPC composite F70G30WO0 at 28 days is 3.0 MPa
at 60 °C and 3.3 MPa at 80 °C, compared to 2.5 MPa under
ambient curing conditions. The SCGPC composite cured at
60 °C and 80 °C for 48 h shows an increase in split strength
of 20 % and 32 %, respectively, when compared to ambient
curing. Similarly, the split tensile strength of the composite
F60G30W10 is observed to be 3.6 MPa and 4.3 MPa at
60 °C and 80 °C. This strength increases by 24.1 % and
48.2 %, respectively, at 28 days when compared to ambient
curing. On the basis of the test results, it is evident that oven-
cured composite, whether F70G30W0 or F60G30W10,
achieves sufficient split tensile strength in SCGPC compo-
sites compared to ambient curing. The optimum strength of
the oven-cured F6OG30W10 composite at 80 °C is 4.3 MPa,
which is 30.3 % higher than the strength of the F70G30W0
composite under the same curing conditions. This enhance
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Table 4. Experimental results of compressive strength and split tensile strength test.

Mix Testin Curing Compressive Compressive | Compressive Split tensile Split tensile Split tensile
desienation (da s)g period | strength at ambient strength at strength at strength at ambient strength at strength at
g Y (h) curing (MPa) 60 °C (MPa) | 80 °C (MPa) curing (MPa) 60 °C (MPa) | 80 °C (MPa)
24 24.2 26.5 1.6 1.7
3 48 142 26.1 28.1 12 1.9 2.1
24 25.8 29.1 2.0 2.2
7 17.5 1.6
F0G30W0 48 27.2 30.7 2.3 2.6
23 24 294 27.8 31.2 25 2.8 3.0
48 ) 29.0 32.6 ) 3.0 33
24 29.7 31.9 3.2 3.4
% I™x 247 304 331 28 33 36
24 27.5 29.4 2.2 2.6
3 43 159 296 318 13 26 28
24 29.3 30.6 2.5 3.2
7 20.0 1.9
F60G30W10 48 31.0 32.5 2.9 3.4
23 24 273 315 324 29 3.3 4.0
48 ) 32.6 33.7 ) 3.6 43
24 324 33.2 3.7 44
36 48 294 33.1 34.1 33 3.9 4.6

ment can be ascribed to the strong bonding between the CSH
gel and filler materials /50/. Moreover, higher curing tem-
peratures accelerate the silica and alumina dissolution, en-
hance the reactivity of the materials involved, and subse-
quently improve the overall strength and integrity of the
composites, /50/. The strength of SCGPC developed under
ambient and oven curing significantly increases with the
inclusion of WCP with fly ash and GGBFS compared to the
composite without WCP.

5.0

F60GI0W10 (80°C)
= F60GIOW10 (60°C)
F6OGIOW10 (AC)
4.5 -8 FrC30wo 80°C)
4= FI0GINWO (60°C)

1=@=Fr0630W0 (AC)

4.0 H

Split tensile strength(MPa)

T T
24w curing 48 hr curing
3-days

T
48 hr curing
56-days

24 Ilrlcuring 48 h\'ul:llring 24 hrll'llring 4 |u-|cunng 24 hrlcnring

7-days 28-days
Curing time (hr)

Figure 4. Split tensile strength of SCGPC composites F70G30W0

and F60G30W10 at ambient and oven-cured at 60 °C and 80 °C.

Ultrasonic pulse velocity (UPV)

The UPV values of SCGPC composites F70G30WO0 and
F60G30W10 are evaluated under both ambient and oven
curing at 60 °C and 80 °C for 48 h, with measurements taken
at 28 days. For the F70G30WO0 composite, the UPV value is
3.45 km/s for the ambient-cured mix, while the oven-cured
composite registered 3.80 km/s at 60 °C and 4.05 km/s at
80 °C. In the case of the F60G30W10 composite, the UPV
value is 3.77 km/s for ambient curing, 4.1 km/s at 60 °C and
4.39 km/s at 80 °C. According to IS code IS:516-5 4 2020
/51/, concrete quality is classified based on UPV values:
excellent above 4.40 km/s, good between 4.40 and 3.75 km/s,
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doubtful between 3.75 and 3.0 km/s, and poor below 3.0
km/s. Higher UPV values indicate superior concrete quality.
The ambient-cured F70G30W0 composite, with a UPV of
3.45 km/s, falls into the doubtful category. The oven-cured
F70G30W0 composite, with UPV values of 3.80 km/s and
4.05 km/s at 60 °C and 80 °C, respectively, is classified as
good quality concrete according to IS code 1S:516-5 4 2020
/51/. Furthermore, the F60G30W10 composite had a UPV
of 3.77 km/s under ambient curing and 4.1 km/s and 4.39
km/s under oven curing at 60 °C and 80 °C, respectively,
also indicating good quality concrete. These results suggest
that ambient-cured composites F70G30W0 and F6OG30W 10
exhibit lower UPV values compared to their oven-cured
counterparts. This may be attributed to increased porosity in
the ambient-cured composites, resulting from slower water
evaporation and reduced polymerisation rates. The higher
porosity leads to the presence of voids, which significantly
reduce the composite density and alter the propagation of
ultrasonic waves, thereby lowering the UPV values /49, 52,
53/.

Rebound hammer test

Figures 5 and 6 depict the correlation of the CS and com-
pressive strength using the rebound hammer of SCGPC com-
posites F70G30W0 and F60G30W10 under ambient condi-
tions and oven-cured at 60 °C and 80 °C for 24 and 48 h.
As depicted in Fig. 5, the composite F70G30W0 shows a
decrease of 4.01 % in rebound hammer strength after 48 h
of curing at ambient temperature, and a decrease of 1.72 %
at 60 °C and 3.37 % at 80 °C, when compared to its CS at
28 days. A linear equation given by y = 1.0323x — 2.3111y
is fitted to the results, and a coefficient of determination
R?= 0.998 is obtained. This shows a strong correlation
between the two methods. The data points show that the CS
measured using the rebound hammer decreases when com-
pared to the CS. Similarly, for the F6OG30W10 composite,
as shown in Fig. 6, the rebound hammer strength decreases
by 4.76 % under ambient temperature, and by 1.84 % and
2.07 % under oven curing at 60 °C and 80 °C, respectively,
compared to its CS. A linear equation given by y =1.0816x —
3.678y is fitted to the results, and a coefficient of determi-
nation R? = 0.992 is obtained. This shows a strong correla-
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tion between the two methods. The data points reveal that the
rebound hammer CS decreases when compared to the CS.
Results show that rebound hammer strength of both compo-
sites is lower than their CS. The rebound hammer test
measures surface hardness; it may not provide an accurate
reflection of the material's overall compressive strength. Typi-
cally, the CS values attained from the Rebound Hammer
generally differ by £15 to £20 % from the actual CS /54, 55/.
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Figure 5. Comparison of test results between compressive strength
and rebound hammer strength of composite F70G30WO0 at
ambient curing and oven-curing.
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Figure 6. Comparison of test results between compressive strength
and rebound hammer strength of composite F70G30W10 at
ambient curing and oven-curing.

Density

The density of SCGPC F60G30W10 and F70G30W0
composites is evaluated after a 28-day period at ambient
and oven curing at 60 °C and 80 °C for 48 h. As depicted in
Fig. 7, the F60G30W10 composite exhibits a density of
2360 kg/m? under ambient curing, while oven curing results
in densities of 2290 kg/m? at 60 °C and 2210 kg/m? at 80 °C.
Similarly, the F70G30W0 composite records a 2270 kg/m?
density under ambient curing, corresponding to 2220 kg/m?
and 2160 kg/m® for oven curing at 60 °C and 80 °C. Com-
pared to the F70G30WO0 composite, the F6OG30W 10 shows
a 3.96 % higher density under ambient curing, while oven
curing at 60 °C and 80 °C leads to density increases of
3.15 % and 2.31 %, respectively. These results indicate that
ambient curing leads to a higher density in the WCP-con-
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taining composite than oven curing. It can be concluded that,
with an increase in curing temperature, the density of both
composites decreases, as depicted in Fig. 7. Rahman et al.
/56/ reports that the typical density of conventional concrete
ranges between 2200 kg/m® and 2400 kg/m®. The density
values obtained for F6OG30W10 and F70G30W0 compo-
sites fall within this range, demonstrating that SCGPC incor-
porating WCP can achieve comparable density characteris-
tics to conventional concrete.

2400
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—o— F70G30W0
2350 -
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5D 2300 -
=
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8 22501
2200
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Figure 7. Density of SCGPC composites F60G30W10 and
F70G30WO0 at ambient curing and oven-curing at 60 °C and 80 °C.

Modulus of elasticity

The stress-strain curve shown in Fig. 8 provides insight
into the modulus of elasticity for SCGPC composites under
different curing conditions, all of which are attained at a 10
MPa stress level. The modulus of elasticity for the SCGPC
composite F60G30W10 is recorded as 23.6 GPa under ambi-
ent curing, whereas at 60 °C it increases to 30.1 GPa and at
80 °C it increases to 31.9 GPa. Similarly, the F70G30W0
composite exhibits a modulus of elasticity of 17.3 GPa under
ambient curing, which increases to 25.4 GPa at 60 °C and
30.1 GPa at 80 °C. A comparative analysis reveals that the
F60G30W10 composite demonstrates a 36.4 % higher
modulus of elasticity than the F70G30W0 composite under
ambient curing. Additionally, oven-curing at 60 °C and
80 °C results in increases of 18.5 % and 5.98 %, respec-
tively. Furthermore, an increase in modulus of elasticity is
observed under ambient temperature and oven-curing con-
ditions for the composites, regardless of whether WCP is
included. This enhancement in modulus of elasticity with
increasing WCP content may be due to the angular mor-
phology and higher specific surface area of WCP particles,
which contribute to improved mechanical interlocking and
densification of the matrix. These findings align with the
study conducted by /57/, who explored the influence of
curing temperature on the modulus of elasticity of geopoly-
mer concrete after 28 days. Their results demonstrate that
specimens cured at 50 °C, 70 °C, and 90 °C exhibit in-
creases of 24.4 %, 41.1 %, and 37.7 %, respectively, in the
modulus of elasticity compared to those cured at ambient
temperature.
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Figure 8. Stress-strain behaviour of SCGPC composites F70G30W0

and F60G30W10 at ambient and oven-cured at 60 °C and 80 °C.

MICROSTRUCTURE ANALYSES

Scanning electron microscope analyses

Figures 9a-f and 10a-f depict the morphology of the 28-
day hardened SCGPC F60G30W10 and F70G30WO0 com-
posites at ambient temperature and oven cured at 60 °C and
80 °C for 48 h of curing, respectively. The morphology of
the composite F70G30WO0 at 60 °C, as illustrated in Fig. 9a-
b, shows areas with incomplete reactions and the presence
of hydration products, as well as large unreacted fly ash and
GGBFS particles. In contrast, Fig. 9c-d shows the compo-
site morphology at 80 °C which has a dense microstructure
with incompletely reacted GGBFS particles and smaller un-
reacted fly ash and GGBFS particles compared to the com-
posite at 60 °C. On the other hand, Fig. 9e-f shows that the
composite with ambient curing exhibits a small amount of
unreacted and partly reacted particles, CSH gel, and a large
number of pores. The morphology of the F60G30W10 com-
posite at 60 °C is depicted in Fig. 10a-b, where an increase
in WCP enhances the mix's reactivity. Compared to the
F70G30WO0 composite, smaller unreacted fly ash, GGBFS,
WCP particles, and smaller pores are observed at this tem-
perature. Figure 10c-f at 80 °C illustrates that, compared to
ambient temperature and oven curing at 60 °C, there is a
reduction in particle size of partially reacted fly ash,
unreacted GGBFS, and WCP, along with the presence of a
small pore. It is found that increasing WCP content while
decreasing or fixing the amount of GGBFS adversely affects
formation of CSH gel, leading to more incompletely reacted
gel, like mullite, and unreacted particles, like quartz /58, 59/.
A higher percentage of WCP of more than 10 % increases
the silica compounds in the raw materials, which increases
the Si/Al ratio to 3.64, as previously reported in our research
work /31/. A higher Si/Al ratio hinders further geopolymer-
isation, increasing unreacted particles, a poorer microstruc-
ture, and reduced mechanical strength. If the Si/Al ratio
exceeds 3.02, the formation of aluminosilicate gel is reduced,
which leads to a reduction in strength /25, 31, 60/. The out-
comes show that the composite F6OG30W10 at 80 °C exhib-
its an optimum compressive strength of 33.7 MPa and supe-
rior microstructure compared to the F70G30W0 composite
at 60 °C, the conditions at 80 °C, and ambient curing.
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Figure 9. SEM analyses of SCGPC composite F70G30WO (a, b) at
60 °C (c,d) at 80 °C, and at ambient curing (e, f).
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Figure 10. SEM analyses of SCGPC composite F60G30W10 (a, b)
at 60 °C (c, d) at 80 °C, and at ambient curing (e, f).

X-ray diffraction

Figure 11 depicts the XRD analyses of F70G30W0 and
F60G30W10 composites under ambient temperature, as well
as oven curing at 60 °C and 80 °C, respectively. Five quartz
peaks at 20.8°, 26.6°, 50.1°, 59.9°, and 68.2° are observed
in all composites /31/. Additionally, major quartz peaks at
26.6° and CSH gel peaks at 30.8° are identified in the
F60G30W10 compared to the composite with F70G30W0.
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Figure 11. XRD graph of SCGPC composites F70G30WO0 and
F60G30W10 at ambient and oven-cured at 60 °C and 80 °C.
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Figure 11 shows that the composite F60G30W10 at 80 °C
exhibits high-intensity peaks for quartz, mullite, and CSH
gel. At 60 °C, the phase composition remains similar to that
of the 80 °C composite but with slightly lower peak intensi-
ties. The XRD graph results show that higher temperatures
of the composite F60G30W10 at 80 °C enhance the inten-
sity of crystalline phases such as quartz, mullite, and calcite
compared to all other composites. This observation implies
that oven curing enhances the crystallinity of the materials,
thereby influencing their structural properties.

CONCLUSIONS

This study develops SCGPC using waste ceramic powder
at ambient and oven-curing conditions. The SCGPC mixes
are assessed for their fresh-state properties, mechanical prop-
erties, and microstructural characteristics. Based on the
observation, the following conclusions are drawn.

The compressive strength of the composite F60G30W10
increases by 3.37 % after 48 h of curing at 80 °C, 12.4 %
after 48 h of curing at 60 °C, and 21.8 % at ambient curing
compared to the composite FOOG30WO after 28 days.

In all curing conditions, including ambient curing and
oven curing at 60 °C and 80 °C, replacing fly ash with WCP
shows a positive effect on the strength of SCGPC. As the
content of WCP increases, the compressive and the tensile
strength of SCGPC also increase, regardless of the curing
temperature.

The addition of WCP enhances the homogeneity of the
mix. This is evident from the UPV values for composite
F60G30W10, which are higher than those of F70G30WO0 at
80 °C.

The rebound hammer strength value of F70G30W0 and
F60G30W10 composites at ambient temperature is signifi-
cantly lower than the actual compressive strength. However,
the decrease in rebound hammer strength at oven curing
temperatures of 60 °C and 80 °C is less pronounced when
compared to the actual compressive strength.

Composites F70G30W0 and F60G30W 10 exhibit higher
density under ambient curing conditions than those subjected
to oven curing at 60 °C and 80 °C.

The modulus of elasticity of the F6OOG30W10 composite
increases by 26.6 %, 19.9 %, and 7.62 % under ambient and
oven curing at 60 °C and 80 °C, respectively, compared to
the F70G30WO0 composite.

The XRD analysis shows that increasing the WCP content
and curing temperature leads to higher intensities of mullite,
quartzite, CSH gel, and calcite peaks compared to composite
F70G30WO0. This indicates an increase in strength with an
increase in WCP.

The SEM analysis of the SCGPC mix F60G30W10
reveals that increasing the WCP content and curing temper-
ature results in fewer unreacted and partially reacted parti-
cles and pores compared to ambient curing.

SEM images reveal the absence of CSH gel formation in
oven-cured samples compared to ambient-cured samples in
both composites. This may be attributed to the fixed or less
concentration of GGBFS, as CaO in GGBFS promotes the
formation of gel products, enhancing the density and struc-
tural completeness of the composite and thereby improving
the mechanical properties of the SCGPC.
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