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Abstract: The study investigated the impact of incorpor-
ating varying quantities of aluminum waste (Al-waste) and
slag on the properties of geopolymer concrete, specifically
by altering the molarity (M) and Al-waste. To achieve this
objective, slag was substituted with fly ash at 0, 5, 10, and
20% concentrations. Furthermore, oven and ambient curing
were compared. The impact of M was subsequently exam-
ined. The study also includes the examination of penetr-
ability, time of setting, compressive strength tests, splitting
tensile tests, and flexural strength tests. An increase in M
was found to result in a decrease in the penetrability of
the mixture. The findings indicated a negative correlation
between the slump values and both theM and Al-waste ratios,
and a rise in both factors led to a drop in slump values.
Although Al-waste had improved at the time of setting, M still
had a substantial impact. Although high M enhanced the
mechanical strength, it had a significant negative influence
on the setting time and penetrability. This investigation
demonstrated that Al-waste had a slight negative influence
on the mechanical strength and penetrability. In addition,

scanning electron microscopy, thermal gravimetric analysis,
and energy dispersive X-ray examination were carried out.

Keywords: geopolymer concrete, recycling, aluminumwaste,
expanded and lightweight concrete penetrability, time of set-
ting, compressive, flexural, splitting, ambient

Abbreviation

Al-waste aluminum waste
CS compressive strength
DTA differential thermal analysis
DTG derivative thermogravimetry
EDX energy dispersive X-ray
FA fly ash
FS flexural strength
GP geopolymer
GPC geopolymer concrete
M molarity
OPC ordinary Portland concrete
SEM scanning electron microscopy
SF silica fume
STS splitting tensile strength
TGA thermal gravimetric analysis

1 Introduction

The production of Portland cement used in concrete and
its raw materials has numerous ecological influences,
including CO2 release, natural source exhaustion as well
as fossil fuel consumption. To eliminate these environ-
mental problems, sustainable cementitious supplies are
being developed with the purpose of decreasing or repla-
cing the Portland cement content. Sustainable cementitious
materials are being developed to reduce or completely
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replace the Portland cement component. Recently created
clinker methods, using carbonation instead of hydration
for concrete production, may diminish net CO2 emissions
by up to 70% relative to Portland cement clinker and are
already commercially accessible in some regions [1,2].
According to the research, one of the methods that can
be used to reduce the impact of this factor is to increase
the consumption of auxiliary materials like fly ash (FA),
slag, and silica fume (SF), all of which significantly lower
the required amount of Portland cement. The use of other
cementitious materials as a partial or total replacement for
Portland cement in the concrete mix is a second approach.
Geopolymer (GP) is recognized as one of the most pro-
mising options [3]. GPs might be prepared from several
kinds of aluminosilicate resources, including coal ash,
SF, calcined clay, and/or alumina [4]. Furthermore, for
the manufacturing of geopolymer concrete (GPC), FA,
granulated blast furnace slag (GBFS), and metakaolin
each of which have a high silica and alumina content
are the often used ingredients [5]. The calcined clays
(metakaolin) and industry Al-wastes (FA and GBFS) are
the two types of aluminosilicate materials that are used
most often in the production of GP binders [6]. More
research must be done on the method of geopolymeriza-
tion that involves the consumption of waste materials, so
that the sources of clay that occur naturally may be pre-
served and the process can realize its full profit potential.
The utilization of waste materials, particularly the indus-
trial Al-waste in GP, has demonstrated positive effects on
mechanical strength, workability, and environmental sus-
tainability; moreover, the influence of different curing
conditions on these performances is highlighted in the
literature [7–12].

Gülmez [13] examined the investigative consequences
of the influence of industrial Al-wastes on the behavior of
cementitious mixtures. For that reason, the influence of Al-
waste on the physical and mechanical properties of
cement-based mixtures was evaluated. The results showed
that the mixtures containing 4% Al aggregates had the
maximum water absorption and porosity. It has been
shown that combining Al-waste into mixtures might be a
proper solution for recycling in industrial applications.
Ozkilic et al. [14] utilized Al lathe waste to produce expan-
sive concrete by substituting aggregates in specific propor-
tions with recycled materials. As part of the investigation
work, five distinct types of Al-wastes were chosen at con-
centrations of 1, 2, 3, 4, and 5% for the purpose of compar-
ison. An additional Al-waste that did not include any Al
was created as a reference type. When the Al volume per-
centage was more than 2%, it was noticed that the mate-
rial’s workability dramatically diminished. This was a

consequence of the mechanical tests that were conducted.
Another research was carried out by Almeshal et al. [15] to
examine the performance of reinforced concrete beams
that were mixed with Al-waste. The casting and testing of
a total of 12 reinforced concrete beams were carried out
with varying degrees of low reinforcement ratios (0.0125,
0.0074, and 0.0032) and Al-waste ratios (1, 2, and 3%). When
1 and 2% Al-wastes were added to concrete, it was found
that the load-bearing ability of the concrete did not change.
However, when 3% Al-waste was added, the load capacity
of concrete beams reduced by 8–20%. An investigation was
conducted by Özkılıç et al. [16] to examine the impact of
varying quantities of AL-waste material on the shear beha-
vior of the beam used in the study. It was determined that
the maximum load, stiffness, ductility, and energy dissipa-
tion capability of each sample were determined via the use
of experiments for Al-waste ratios (1, 2, and 3%). It is worth
noting that the optimum capacity of the beams decreases
as the proportion of Al-waste in the concrete mixture
increases. Mohammadyan-Yasouj et al. [17] examined the
impact of nano-alumina powder on self-compacting con-
crete at elevated temperatures. To achieve this objective,
three mixture designs were examined at temperatures
of 27, 100, 200, 300, 450, and 600°C: without the cement
substitute nano-alumina, with 1% nano-alumina, and
with 2% nano-alumina. Based on the experimental find-
ings, it was observed that the pozzolanic activity of
nano-alumina enhanced the compressive strength (CS)
of specimens of concrete both at room temperature
and below 100°C. After being subjected to a heating pro-
cess for 10 min, the CS of 28 day samples that included 1%
nano-alumina and 2% nano-alumina was found to be 11.7
and 16.2% greater than the reference sample, respec-
tively. The other investigation was performed by Rahim
et al. [18]. In this investigation, it was studied what
would happen if recyclable Al components were used
in place of sand in the concrete mixture at 1, 2, and
5%, respectively. Upon completion of the investigation,
it was determined that the samples containing 1% Al-
waste exhibited superior strength, whereas the samples
containing 5% Al-waste exhibited robust resistance to
water absorption.

The literature has a variety of research about the use
of GPC. Bumanis et al. [19] examined the performance of
two distinct porous GPs derived from waste clay and salt
slag ingredients. The acquired GP was detailed in terms of
its physical and mechanical properties. The CS outcomes
for GPs that are based on illite clay might hint at the effect
of salt slag on the strength of the GPmatrix when increased
quantity of Al-waste was introduced into the arrangement.
Furthermore, it was obtained that illite clay-based GP
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presented better performance with improved salt cake
content, which points out that salt cake contributes to
alkali activation with its Al-waste influence, causing a
more stable GP arrangement. Onutai et al. [20] performed
an investigation to examine the mixture of the dense and
porous configurations of GP using FA and industry Al-
waste as raw materials. For this purpose, Al-waste and
FA were selected to mix into dense GPs for cement mate-
rials. At the end of this investigation, it was found that the
Al-waste-based GP affected the GP strength, and that varia-
tions in sodium hydroxide (NaOH) concentration induced
by changes in curing temperatures also played a role.
Furthermore, it was observed that additional Al-waste pro-
duced a reduction in GP strength. The other investigation
was performed by Onutai et al. [21]. In this study, Onutai
et al. [21] defined the reprocessing of Al-waste for GPs. For
this purpose, both Al-waste and FA were combined in dis-
similar Al-waste contents of 10–60 wt%. Then, the mechan-
ical properties, microstructure, bonding, and stages of the
resultant GPs were determined. It was found that the Al-
waste ingredient in the GP affected the GP strength and
NaOH concentration was altered at dissimilar curing tem-
peratures. It was found that FA and Al-waste were suitable
sources for GP materials. To define the influence of
mineral content on the CS of the generated GP, Xu and
Van Deventer [22] monitored the geopolymerization of 15
naturally occurring Al–Si minerals. This research demon-
strates that a wide variety of naturally occurring Al–Si
minerals have the potential to serve as sources for producing
GPs. Kouamo et al. [23] associated the properties of GPs pre-
pared from metakaolin and volcanic ash and examined the
influence of adding Al2O3 tometakaolin and volcanic ash-based
GPs at ambient temperature. The consequences demonstrate
that both metakaolin and volcanic ash might be used as base
materials for the manufacture of GPs. Furthermore, the prop-
erties of volcanic ash-based GP, might be enhanced, while
aluminawas consumed to supply the insufficient Al2O3 content
in the volcanic ash. Oderji et al. [24] performed an investiga-
tional study to define themechanical properties of the GPs. For
this purpose, different alkali activators were used, and an ana-
lysis was conducted to present the optimum amount and type
of activator for a one-part FA-based GP. The CS of one-part GP
binders significantly decreased with the reduction of sodium
silicate content.

As noted in previous examinations, there are some
research in the literature [24–30] on the role of GP in con-
suming alumina resources. On the other hand, in the lit-
erature, insufficient investigations were recognized on the
effects of different percentages of Al-waste. Additionally,
there are very limited investigations on the impact of Al-
waste in GPC. Consequently, the study makes several

significant contributions to the existing body of research.
In the parts that follow, information will be presented.

1.1 Importance of study

Literature evaluation has shown a need for more research
on the use of GPC, particularly with the incorporation of
Al-waste. Moreover, a literature review indicates that the
limited investigation on GPC has mostly focused on curing
techniques. Research on the use of both ambient and oven-
curing techniques in GPC is lacking. Additional research is
required owing to the distinct advantages and challenges
linked to GPC. This study is significant because it investigates
the impact of different compounds on GPs, given that the
curing process is a crucial factor. Thus, in this study, the effect
of different curing methods (ambient and oven) on the
strength of GPC was investigated, and mechanical properties
were evaluated. Another aim of this study is to expand the
knowledge of this material by investigating the machinability
and strength of GPC produced by partially replacing slag with
FA. The experiment detailed here aims to address these dis-
parities by examining the impacts of Al-waste and the per-
centage of slag on various mechanical properties, durability,
and fresh properties of FA-based GPC specimens. Since
ambient curing of GPC is considered a feasible alternative
for ordinary Portland concrete (OPC), efforts in this field
are encouraged. This research was conducted to assess the
influence of the granulated blast furnace slag ratios 0, 5, 10,
and 20%.

2 Experimental program

In this study, GPC was manufactured using Al-waste. A total of
43 different mix ratio samples were produced. For each mix
ratio, three specimens were prepared and tested. The results
presented represent the average values of these three repli-
cates. Sixteen samples do not contain Al-waste and are char-
acterized as reference samples. The remaining 27 samples
were obtained by adding different amounts of Al-waste. Al-
waste was obtained from a CNCmachine utilized in the labora-
tory. The sizes of Al-waste particles were found to range
approximately between 15 and 30mm. For this purpose, five
different ratios of Al-waste (0, 1, 2, 3 and 4%) were used. In
addition, slag was used to assess the curing performance of the
GPC both in the environment and in the furnace. Some of the
samples to which slag was added were cured outdoors and
some in the oven. Binding materials, aggregates, and alkali
activators used in the study are shown in Figure 1.
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The flowchart of this work is shown in detail in Figure 2.
Alkaline activators, binders, and aggregates are the three
main categories of materials for obtaining GPC. The materials
used in each category are shown in their respective sub-com-
ponents. NaOH and sodium silicate as alkali activators are
indispensable for GPC. Although FA is the main binder mate-
rial, a certain amount of ground blast furnace slag is added to
cure outdoors. The most original contribution of the study is
Al-waste. The addition of Al in the production of structural
GPC is a new area of study.

Details showing the mixing ratios and curing conditions
of the study are given in Table 1. In GPC concrete production,
the M is an essential requirement to obtain the desired
mechanical performance of the concrete. It is known that
as the M increases, concrete strength increases, and as M
decreases, concrete strength decreases [26,27]. However, the
increase in M reduces the penetrability of fresh concrete.
There are studies in the literature up to 8–18M [28,29,31,32].
Considering the penetrability and strength of the GPC sam-
ples obtained, 11, 13, and 16M were used in this study. Higher
M study is not possible because the high calcium content in
slag consumes the solutions very quickly.

Table 2 presents the chemical compositions of FA and
blast furnace slag waste materials used as binding mate-
rials. The most important reason for using blast furnace
slag in the study is that it provides GPC resistance in a short
time under ambient curing conditions, thanks to the high
CaO it contains. The slag ratio was determined by research
done at Erciyes University, Taum Laboratory.

To ensure a consistent blend, researchers utilized a
laboratory concrete mixer. The compression and shaking
operations were carried out, while the GPC was being poured
into the concrete molds. Following the molding process, the
GP mixes were allowed to cure among the environment. The
ambient cured samples were exposed to open air in the Sun,
while oven cured samples were exposed to a 24 h curing
method in an oven at 85°C. Previous studies have demon-
strated that mixtures containing slag are capable of achieving
sufficient strength development under ambient conditions
[33]. In contrast, systems without slag generally require
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Figure 2: Flow chart of GPC production.

Figure 1: Experimental materials.
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curing at elevated temperatures, typically between 60 and
90°C, to attain early strength [34]. Accordingly, the curing
temperatures and durations used in this study were deter-
mined based on preliminary tests and consistency with find-
ings reported in the literature.

Since GPC was formed by activating chemical compo-
nents such as alumina and silicate, it is possible to achieve
the necessary strength and durability by curing it in an oven.

GPC oven curing needs to be done quickly and in a controlled
manner. The application process and conditions may vary
depending on the concrete mix used, the intended applica-
tion, and the specific requirements. In the literature, there are
oven-curing studies from 40 to 110°C [35–37]. As the tempera-
ture increases, the GPC strength also increases; however, high
temperatures are known to cause excessive embrittlement at
temperatures above 90°C. From this point of view, 40mm ×

Table 1: GPC mix materials

Sample FA (g) Slag (g) Al-
waste
(g)

Na2SiO3 (g) NaOH (g) Fine
aggregate (g)

Coarse
aggregate (g)

Al-waste
Ratio (%)

NaOH
Molarity (M)

Curing
methodno.

1 1527.4 80.37 0 573.96 229.57 2545.25 4726.34 0 13 Ambient
2 1446.93 160.77 0 573.96 229.57 2545.25 4726.34 0 13 Ambient
3 1286.16 321.54 0 573.96 229.57 2545.25 4726.34 0 13 Ambient
4 1527.4 80.37 75 573.96 229.57 2545.25 4726.34 1 13 Ambient
5 1446.93 160.77 75 573.96 229.57 2545.25 4726.34 1 13 Ambient
6 1286.16 321.54 75 573.96 229.57 2545.25 4726.34 1 13 Ambient
7 1527.4 80.37 75 573.96 229.57 2545.25 4726.34 1 11 Ambient
8 1446.93 160.77 75 573.96 229.57 2545.25 4726.34 1 11 Ambient
9 1286.16 321.54 75 573.96 229.57 2545.25 4726.34 1 11 Ambient
10 1527.4 80.37 75 573.96 229.57 2545.25 4726.34 1 16 Ambient
11 1446.93 160.77 75 573.96 229.57 2545.25 4726.34 1 16 Ambient
12 1286.16 321.54 75 573.96 229.57 2545.25 4726.34 1 16 Ambient
13 1527.4 80.37 150 573.96 229.57 2545.25 4726.34 2 13 Ambient
14 1446.93 160.77 150 573.96 229.57 2545.25 4726.34 2 13 Ambient
15 1286.16 321.54 150 573.96 229.57 2545.25 4726.34 2 13 Ambient
16 1527.4 80.37 225 573.96 229.57 2545.25 4726.34 3 13 Ambient
17 1446.93 160.77 225 573.96 229.57 2545.25 4726.34 3 13 Ambient
18 1286.16 321.54 225 573.96 229.57 2545.25 4726.34 3 13 Ambient
19 1527.4 80.37 300 573.96 229.57 2545.25 4726.34 4 13 Ambient
20 1446.93 160.77 300 573.96 229.57 2545.25 4726.34 4 13 Ambient
21 1286.16 321.54 300 573.96 229.57 2545.25 4726.34 4 13 Ambient
22 1607.77 0 0 573.96 229.57 2545.25 4726.34 0 11 Ambient
23 1527.4 80.37 0 573.96 229.57 2545.25 4726.34 0 11 Ambient
24 1446.93 160.77 0 573.96 229.57 2545.25 4726.34 0 11 Ambient
25 1286.16 321.54 0 573.96 229.57 2545.25 4726.34 0 11 Ambient
26 1607.77 0 0 573.96 229.57 2545.25 4726.34 0 13 Ambient
27 1607.77 0 0 573.96 229.57 2545.25 4726.34 0 16 Ambient
28 1527.4 80.37 0 573.96 229.57 2545.25 4726.34 0 16 Ambient
29 1446.93 160.77 0 573.96 229.57 2545.25 4726.34 0 16 Ambient
30 1286.16 321.54 0 573.96 229.57 2545.25 4726.34 0 16 Ambient
31 1607.77 0 0 573.96 229.57 2545.25 4726.34 0 13 Oven
32 1527.4 80.37 0 573.96 229.57 2545.25 4726.34 0 13 Oven
33 1446.93 160.77 0 573.96 229.57 2545.25 4726.34 0 13 Oven
34 1286.16 321.54 0 573.96 229.57 2545.25 4726.34 0 13 Oven
35 1527.4 80.37 75 573.96 229.57 2545.25 4726.34 1 13 Oven
36 1446.93 160.77 75 573.96 229.57 2545.25 4726.34 1 13 Oven
37 1286.16 321.54 75 573.96 229.57 2545.25 4726.34 1 13 Oven
38 1527.4 80.37 75 573.96 229.57 2545.25 4726.34 1 11 Oven
39 1446.93 160.77 75 573.96 229.57 2545.25 4726.34 1 11 Oven
40 1286.16 321.54 75 573.96 229.57 2545.25 4726.34 1 11 Oven
41 1527.4 80.37 75 573.96 229.57 2545.25 4726.34 1 16 Oven
42 1446.93 160.77 75 573.96 229.57 2545.25 4726.34 1 16 Oven
43 1286.16 321.54 75 573.96 229.57 2545.25 4726.34 1 16 Oven
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40mm × 160mm prism and 100mm × 200mm cylindrical
specimens were prepared, and these specimens were cured
at 85° for 24 h (Figure 3). After curing in the oven, the samples
were removed and kept outside for 28 days to be tested.

3 Discussion on experimental
outcomes

3.1 Penetrability and setting time

The penetrability of the mixture was reduced with the
increase in the M of NaOH. This behavior was observed

in numerous studies in the literature. Nevertheless, in this
investigation, it was found that the addition of Al-waste led
to a reduction in the slump values and improved the
penetrability of the material. It was noted that the time
of setting was around 10min with 1, 2, and 3% Al-waste
addition and 40min with 4% addition. The consequences
were consistent with similar investigations in the litera-
ture. Based on Yip and Van Deventer [38], there is evidence
that the presence of calcium throughout the mixture of FA-
based GPC enhances the likelihood of forming compounds
such as calcium silicate and calcium aluminate hydrates.
This information comes from studies that have been con-
ducted [36]. Alkali-activated concrete might be compressed
well on a vibrating table even for comparatively low slump
values. Consequently, the penetrability of alkali-activated
concrete is categorized and established on the form of
compaction [39].

3.2 Slump test

Based on studies collected from prior examinations and
experience obtained during the procedure, it was observed
that permeability dramatically reduces as both the M of
NaOH increased. The results indicated that the slump
values declined as M increased. Conversely, maintaining
a constant M allowed for the investigation of how the
amount of Al-wastes affected the slump. While the NaOH
content was selected as 11 M, it was revealed that the slump
values decreased as the Al-waste content proportion
increased from 0 to 1%, indicating a correlation between

Table 2: Component values of FA blast furnace slag materials [28]

Component FA% Slag%

SiO2 57.3 18.20
Al2O3 24.9 7.5
Fe2O3 6.05 0.1
CaO 3.98 67.60
SO3 0.47 0.76
Na2O 1.24 —

Cl− 0.05 —

MnO — 0.44
K2O — 0.76
TiO2 — 0.95
NiO3 — 0.04
SrO — 0.019
ZrO2 — 0.082
Sledge (>45 µm) 17.4 0

Figure 3: Curing of GPC samples and weight control.
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the two parameters. The same observation was made for
13 M when considering it as the AL percentage. It was
revealed that the value of the slump grew when the per-
centage of Al-waste contents improved from 0 to 1%. When
the Al content increased from 1 to 4%, a reduction in slump
values was observed. The same observation was made for
16 M when the Al proportion was altered. It was found that
the slump values increased as the Al-waste content propor-
tion improved from 0 to 1%.

While the amount of Al-waste increased by 0–4%, there
was a significant decrease in slump values. Specifically, the
slump decreased to 40–60mmwith 1% Al, 15–40mmwith 2%
Al, and 5–10mm with 3–4% Al. Al reacts with water in an
alkaline environment, especially in systems containing NaOH,
to produce hydrogen gas (H₂). This reaction causes gas bub-
bles to form in the concrete, causing the mix to expand in
volume. At the same time, this outgassing destabilizes the
consistency of the mixture, reducing cohesion and work-
ability. The irregular, sharp, wiry geometry of the chip parti-
cles and their low specific gravity reduce the cohesion of the
concrete and require more water. However, since no addi-
tional water is added, the slump decreases. As the slag ratio
increases in the mixture, an increase in slump values is
observed, especially in Al-free or low Al ratio samples.
However, this positive effect disappears in specimens con-
taining slag and high Al-waste. Slag is a reactive binder that
dissolves particularly well in alkaline media, forming binder
gels such as calcium-aluminosilicate-hydrate (C–A–S–H) and
sodium-aluminosilicate-hydrate (N–A–S–H). This generally
enhances the workability. However, in the presence of Al-
waste, the positive effect of slag is suppressed because the
resulting hydrogen gas and rapid reactions destabilize the
mixture.

Examining the chemical composition of the slag in
Table 2 reveals a particularly high amount of calcium oxide
(CaO). This indicates that, in addition to the dominant
N–A–S–H gel phase found in the traditional low-calcium
GP systems, other phases, such as C–A–S–H, may also
form. These hybrid structures have a twofold effect on
long-term stability. First, a rapid increase in mechanical
strength occurs at early ages due to the presence of
C–A–S–H phases. This significantly improves the perfor-
mance of the binder, especially in systems cured at ambient
temperature. Conversely, the possibility of carbonation and
other chemical deterioration in alkaline environments
increases with higher calcium content, which may limit
long-term durability. The study emphasizes that the slag
additive facilitates ambient-temperature curing. However,
it does not present measurements such as the strength
activity index (SAI) or thermal reactivity profiles based on
isothermal calorimetry, which would quantitatively reveal

the effectiveness of slag in the binder system. Therefore,
additional characterizations are needed to clarify whether
the slag additive creates a synergistic binder structure with
the GP matrix. Future studies can perform tests such as
separating heat flows in hydration and geopolymerization
processes by isothermal calorimetry.

3.3 A thorough examination of the
compressive test

As can be seen from Table 3, the properties are highly
dependent on the relative amounts of NaOH and Al-waste
ratio, in addition to the temperature at which they are
cured [40–43]. In the context of this inquiry, it is important
to observe the required curing temperature and NaOH
concentration. The CS was in GPC that was prepared by
combining various amounts of aluminum hydroxide and
NaOH. These GPCs were structured such that the concen-
trations of both variables varied. It was discovered that
there was a pattern in which the strength of the GPC
enhanced as the concentration of NaOH increased. As
shown in Figure 4, the concentrations of 11, 13, and 16 M
NaOH produced the highest strength in the CS when the CS
contained 0% of Al-waste. The M of NaOH was fixed at 11,
while the proportion of slag ratio was adjusted to 0, 5, 10,
and 20% in the GPC mixture. In addition, the ratio of this
factor was changed from 0 to 1% in the calculation of the
mixture modified with the ratio of Al-waste aggregate,
which included FA. This was done to reflect that the ratio
was changed. At the end of this procedure, the ratio of
variation in CS was determined to be 17.66% (from 20.28
to 16.697 MPa for 5% slag ratio). While the percentage in

Table 3: CS test results for different NaOH and Al-waste % (MPa)

Al-
waste (%)

Slag
ratio 0%

Slag
ratio 5%

Slag
ratio 10%

Slag
ratio 20%

NaOH (11 M)
0 25.62 20.28 18.86 17.59
1 — 16.70 15.86 15.89
NaOH (13M)
0 26.59 22.33 21.02 19.23
1 — 18.10 17.60 16.45
2 — 16.62 15.77 14.14
3 — 14.28 13.65 12.41
4 — 12.88 11.19 10.32
NaOH (16 M)
0 30.26 28.82 24.56 20.90
1 — 19.08 18.23 17.34
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the mixture was enhanced, it was observed that this quan-
tity of variation reduced to approximately 15.90% (from
18.86 to 15.86 MPa for 10% slag ratio). While the percentage
in the mixture was enhanced, it was observed that this
quantity of variation reduces to approximately 9.66%
(from 17.59 to 15.89 MPa for 20% slag ratio). Additionally,
the M of NaOH was selected repeatedly at 13 M, and the
percentage of slag ratio was changed to 0, 5, 10, and 20% in
the GPC mixture. At this mixture, the percentage of varia-
tion in CS at 5% slag ratio was reduced as 18.9% (from 22.33
to 18.10 MPa). While the amount of Al-waste in this mixture
increased to 4%, the amount of CS in the mixture decreased
by around 42.32% (from 22.33 to 12.88 MPa). Similarly,
while the slag ratio in the mixture was increased from 0
to 20%, it was discovered that there was a 27.7% reduction
in the CS of the mixture (from 26.59 to 19.228 MPa). The
mixture’s CS had dropped by 46.3%, while the levels of
Al-waste in the mixture increased from 0 to 4%, consti-
tuting 20% of the mixture’s total volume.

In addition to this, the NaOH concentration was deter-
mined to be 16M, supporting consistent findings. While the
slag ratio in the mixture was improved from 0 to 20%, the CS
of the mixture was observed to decrease by 30.93% (from
30.264 to 20.9MPa). While the amount of Al-waste in the

combination increased from 0 to 1%, resulting in a significant
relative increase, the mixture’s CS was determined to have
decreased by 33.79% (from 28.82 to 19.08MPa).

The outcomes of the CS test are provided in Table 3 as
well. During these investigations, the percentage of Al-
waste aggregate that was mixed with FA was calculated,
and the molar concentration of NaOH in the mixture was
varied to 11, 13, and 16 M to observe the effects of these
changes. The results of these investigations are summar-
ized in Table 3. As observed in Table 3, the calculation of
the amount of the Al-waste aggregate with FA was incre-
mentally occupied at 0, 1, 2, 3, and 4%, while the percentage
of M of NaOH was increased incrementally from 11 to 13 M
and then to 16 M in the mixture of concrete. It was
observed that this percentage of variance tends to increase
to 10.10% (from 11 to 13 M) and 42.11% (from 11 to 16 M) for
Al-waste containing 0 and 5% slag ratios. When the Al-
waste ratio increased by 1%, it was observed that this per-
centage of variance tends to increase to 8.40% (from 11 to
13 M) and to 14.27% (from 11 to 16 M) for Al-waste con-
taining 1 and 5% slag ratios.

This may be because larger concentrations of NaOH
can melt silica and alumina together into a homogeneous
slurry paste [20]. Furthermore, it was found in earlier stu-
dies that while the GP contained increased Al-waste con-
tent, the strength was somewhat lower than that of 0 wt%
[20]. Adding Al-waste influenced the alumina component
in the matrix. The findings of this study are consistent with
previous research findings. In another study, it was also
observed that additional NaOH was the reason for the CS
reduction, attributable to the aluminosilicate gel precipita-
tion [43]. It was found that higher concentrations of NaOH
retained the Na ions in GPC. Furthermore, the concentra-
tion of Ca decreased concomitantly with increasing NaOH
concentration. This statement showed the Na component’s
inclination to exchange with the Ca component in the GP
matrix [21].

3.4 Examination of the splitting tensile
strength (STS)

The consequences of STS persistently follow the parallel trend
as the CS, as shown in Figure 5. As shown in Table 4, the M of
NaOH was consistently chosen at 11M, whereas the inclusion
of slag ratio in the concrete mixture was varied to 0, 5, 10, and
20% for the Al-waste aggregate. In the experimental design,
the composition of the mixture was modified by increasing
the proportion of Al-waste ratio from 0 to 1%. In addition, a
consistent M value of 11 for NaOHwas used, while the amount
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Figure 4: Results of the CS test.
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of Al-waste aggregate mixed with FA was varied at 0, 5, 10, and
20%. For 11M and 0% Al-waste rate, the decrease in STS values
(from 0 to 20% slag ratio) is as follows. In this configuration, the
proportion of variability in STS was 1.20, 4.12, and 9.45%. More-
over, a constant M ratio of NaOH at 13 was used, while the
fraction of Al-waste aggregate mixed with FA in the GPC mix-
ture was enhanced to 0, 5, 10, and 20%. In this instance, the
percentage of variance in STS at a significant level of 5% was
determined to be 6.44% (from 9.31 to 8.71MPa). It was found
that the STS of the mixture dropped by 35.18% as the slag ratio
in themixture increased from 5 to 20%. It was detected that the
STS of the mixture decreased by 61.19%, while the quantities of
Al-waste in the mixture were enhanced from 0 to 4% for 5%
slag ratio and 13M. Additionally, the M of NaOH was desig-
nated as 16M. While the proportion of slag in the mixture was
enhanced from 0 to 20%, it was detected that the STS of the
mixture decreased by 5.46% (from 10.43 to 9.86).

During these investigations, the proportion of the Al-
waste aggregate that included FA was maintained at a con-
stant level, while the amount of NaOH in the mixture was
varied to 11, 13, and 16M, as shown in Table 4. Furthermore,
as observed from Table 4, the percentage of Al-waste aggre-
gate with FA was altered repetitively as 0, 1, 2, 3, and 4%, and
the amount of M of NaOH was kept as 11, 13, and 16M the
concrete mixture. STS decreased as the M of the mixture
increased. In Figures 5 and 6, STS test results are given.

3.5 A comprehensive analysis of flexural
behavior

The strength of samples that have been subject to flexure
may be used as the tensile capability of GPC, when they are
combined. Besides this, the flexural strength (FS) is

generally greater than the indirect STS [44]. As detected
from Table 5, 11 M was used as the M percentage of
NaOH, and the ratio of slag ratio in the concrete mix was
adjusted from 0 to 5%, 10%, and 20%, respectively. The
percentage was improved from 0 to 20% in the design of
the mixture, which was altered by adjusting the slag ratio.
This modification occurred in the design of the mixture.
Additionally, the value of M of NaOH was set as 11. While
the proportion in the mix was enhanced, it was observed
that this amount of variation tends to decrease. In this
setup, the proportion of variation in FS was recognized to
be 2.33, 6.61, and 10.11%.

The percentage was improved from 0 to 1% in the
design of the mixture, which was altered by adjusting the
Al-waste ratio. This modification occurred in the design of
the mixture. Additionally, the value of M of NaOH was set
as 11. While the proportion in the mix was enhanced, it was
observed that this amount of variation tends to decrease.
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Figure 5: STS test results.

Table 4: STS test results (MPa)

Al-
waste (%)

Slag
ratio 0%

Slag
ratio 5%

Slag
ratio 10%

Slag
ratio 20%

NaOH (11 M)
0 9.94 9.82 9.53 9.00
1 — 5.75 5.15 4.77
NaOH (13M)
0 9.31 8.71 8.15 7.74
1 — 7.14 6.57 5.85
2 — 6.42 5.80 4.79
3 — 4.99 4.25 3.38
4 — 3.78 3.26 2.45
NaOH (16 M)
0 10.43 10.34 10.12 9.86
1 — 8.03 7.50 7.16
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In this setup, the proportion of variation in FS was recog-
nized to be 12.74, 17.08, and 21.21%.

Moreover, the percentage of M of NaOH was set as 13,
and the percentage of Al-waste with FA was varied from 0
to 4%, with 5% in the GPC mix. In this mixture, the amount
of variation in FS was recognized to be 47.25% for 5% slag
ratio, 56.29% for 10% slag ratio, and 62.04% for 20% slag
ratio. When the amount of Al-waste in this mixture was
chosen as 1%, and the amount of slag ratio in the mixture
was enhanced from 0 to 20%, it was noticed that the FS of
the mix decreased by 25.55%. It was noticed that the FS of
the mix decreased significantly.

Moreover, the M of NaOH was consistently chosen as
16. While the percentage of slag in the mix was improved
from 0 to 20%, it was noticed that the FS of the mix
decreased by 18.53% (from 3.13 to 2.55). It was noticed

that the FS of the mix reduced by 14.11% when the amounts
of Al-waste in the mix increased from 0 to 1% and the slag
ratio was chosen as 20%. In this investigation, the percen-
tage of Al-waste aggregate with FA was kept constant, and
the M of NaOH in the mix was altered to 11, 13, and 16M, as
shown in Table 5. The results of this study are presented
in Table 5. In addition, as can be seen from Table 5, the
percentage of Al-waste aggregate with FA was altered
many times to obtain values of 0, 1, 2, 3, and 4%, while the
M of NaOH was maintained at 11M, 13, and 16M in the
concrete mix. FS reduced as the M of the mix rises, as pre-
sented in Figure 7. The results show that increasing the heat
curing temperature increases the CS and FS of almost all
samples. This is similar to the studies conducted in the lit-
erature [45]. Extending the heat curing duration and ele-
vating the temperature provide a more conducive environ-
ment for the development of GP gels [46]. Because of the
non-dissolved particles in the gelatinousmatrix of materials,
a high alumina concentration will induce fractures and a
more heterogeneous microstructure, which will lower the
strength [47].

3.6 Mechanical property correlations
of Al-waste

Concrete specimens’ CS to STS and CS to FS are shown
graphically in Figure 8. Figure 8 shows the results of a
linear regression study comparing the compressive-STSs
of two samples: 0% Al-waste M11 and 1% Al-waste M11.
The correlation values for the two samples are R = 0.9213
and R = 0.9845, respectively. It was determined that the
correlation relationship between 0% Al-waste M61 and
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Figure 6: STS via CS test results.

Table 5: FS test results (MPa)

Al-
waste (%)

Slag
ratio 0%

Slag
ratio 5%

Slag
ratio 10%

Slag
ratio 20%

NaOH (11 M)
0 2.57 2.51 2.40 2.31
1 — 2.19 1.99 1.82
NaOH (13M)
0 2.78 2.65 2.54 2.45
1 — 2.37 2.22 2.15
2 — 1.80 1.59 1.34
3 — 1.46 1.28 1.12
4 — 1.25 1.11 0.93
NaOH (16 M)
0 3.13 2.94 2.79 2.55
1 — 2.42 2.33 2.19
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1% Al-waste M16 was R = 0.9624 and R = 0.9839. The corre-
lation association between 0% Al-waste M11 and 1% Al-
waste M11 was determined to be R = 0.9913 and R =

0.9992, respectively, when looking at the linear regression
study between CS and FTS, as shown in Figure 8. The cor-
relation relationship between 0% Al-waste M16 and 1% Al-
waste M16 was determined to be R = 0.9912 and R = 0.9802,
respectively, when the linear regression analysis between
CS and FTS is shown in Figure 8. Within the scope of this
investigation, there exist significant correlations that
exceed 95% for the predicted links.

3.7 Thermal gravimetric analysis (TGA)

TGA is an analytical method that monitors the change in
weight of materials as a result of temperature changes.
Thanks to this technique, information about the composi-
tion and properties of the material is obtained. Through
TGA, thermal behaviors of materials such as degradation,
thermal decomposition, water loss, and gas absorption are
generally observed. The temperature for the sample to be
analyzed is increased within a predetermined program. As
the sample heats up, changes such as evaporation, decom-
position, and oxidation occurring on the material can
cause mass loss or gain. The weighing device continuously
records the weight changes of the sample. Thus, the
obtained data give information about the thermal behavior
of the material when correlated with temperature.

The results presented in Figure 9 illustrate the behavior
of the provided sample as it undergoes thermal changes from
0 to 600°C. The blue line depicts the alteration in mass. As the
temperature of the initial 9.528 g sample reached 600°C, its
mass decreased to approximately 94%, resulting in a 6% loss

of mass. In the TGA analyses conducted by Chouksey et al.
[48] and Aliabdo et al. [49] for GPC, mass losses of 6–8% and
9–13% were observed upon heating to 800 and 900°C, respec-
tively. This comparison leads to the inference that the
achieved outcomes can be more favorably appraised due to
their reduced mass loss [48,49].

It was emphasized that the mass loss detected between 100
and 200°C is primarily attributed to the release of physically and
chemically bound water. In the 200–600°C range, the weight
reduction is considered to result from the decomposition of
residual organics and weakly bonded phases [50,51]. Mass
changes occurring above 600°C were interpreted as being indi-
cative of partial structural degradation. The differential thermal
analysis (DTA) outcomes are illustrated by the green line in the
chart. This leads to a peak within the DTA curves. The peak
around 500°C in the DTA thermogram is indicative of a phase
transition. Derivative thermogravimetry (DTG) involves calcu-
lating the rate of change of amaterial’s temperaturewith respect
to time. Essentially, it quantifies how swiftly the material’s tem-
perature changes. Within this technique, the alterations in tem-
perature as a material’s temperature is systematically elevated
are documented. Fundamentally, its purpose is to determine the
material’s thermal transitions between phases. As depicted by
the red line in the diagram, the DTG outcome demonstrates the
points of lowest and highest temperature fluctuations in the
sample as time progresses [48].

3.8 Examination with a scanning electron
microscope

To evaluate the microstructural properties of the GPC spe-
cimens, scanning electron microscopy (SEM) analysis was
performed. The SEM images presented in Figure 10a–f

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

0% 5% 10% 20%

Fl
ex

ur
al

 S
tr

en
gt

h 
(M

Pa
)

Slag ratio (%)

M11 & 1% & Oven M13 & 0% & Oven

M13 & 1% & Oven M16 & 1% & Oven

M11 & 1% & Ambient M13 & 0% & Ambient

M13 & 1% & Ambient M16 & 1% & Ambient

Figure 7: FS test consequences.

Sustainable utilization of aluminum waste in geopolymer concrete  11



provide a detailed illustration of the effects of Al-waste
addition on the internal structure. Figure 10a shows
the microstructure of the control specimen without
Al-waste. Numerous pores and unreacted FA particles are
observed. This indicates incomplete geopolymerization
and insufficient formation of binding gel, which may

negatively affect the mechanical strength. In Figure 10b,
distinct N–A–S–H formation is evident, along with the pre-
sence of a GP gel. This structure suggests the development
of a hybrid binding system resulting from both geopoly-
merization and the presence of calcium-containing compo-
nents. However, the existence of microcracks may be
attributed to internal stresses or volumetric changes
during setting or curing, potentially compromising long-
term durability. Figure 10c and d corresponds to specimens
containing Al-waste. A more porous structure is evident in
these images. The observed pores are considered to result
from the foaming effect caused by the release of hydrogen
gas when Al-waste reacts in the alkaline environment.
Increased porosity, particularly at higher Al contents, can
adversely affect mechanical properties such as strength
and density. Figure 10e displays a magnified view of Al
fibers. The distribution and orientation of these fibers
within the matrix can positively influence mechanical per-
formance by inhibiting crack propagation and improving
impact resistance. However, the effectiveness of this con-
tribution depends on the dosage and the fiber–matrix
interfacial bonding. Additionally, the formation of
C–A–S–H positively affects the strength gained by the con-
crete after it hardens. Figure 9f focuses on the aggregate–
matrix interface. As shown in Figure 10f, the incorporation
of Al shavings into the GP matrix affects the interfacial
transition zone (ITZ) formed between the aggregate and
the binder phase. According to the literature, metals can
form either strong or weak ITZ structures with the binder,
depending on their surface reactivity and passivation ten-
dencies within the GP environment. In this context, the
uneven distribution of Al particles, surface oxidation,
and corrosive reactions in an alkaline environment can
lead to regions of low bond strength. Consequently, cracks
are more likely to initiate and propagate at these weak
points under mechanical load [52]. The microstructural
integrity of this region is critical for effective load transfer
and has a direct impact on the overall mechanical perfor-
mance [28,53–55]. The high CaO content slag leads to the
formation of C–S–H and C–A–S–H gel phases alongside the
conventional N–A–S–H gel within the GP matrix. This
hybrid gel system enhances early-age strength and contri-
butes to a denser and more durable microstructure. In
particular, C–A–S–H gels improve water impermeability
and ductility. However, potential long-term issues such as
alkali carbonation, thermal instability, and phase separa-
tion may arise. Therefore, the quantity and stability of
these gel phases in slag-blended GPs should be carefully
optimized [56,57].
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3.9 Evaluation with energy dispersive X-ray
(EDX) analysis

EDX analysis, also known as or electron scattering X-ray
analysis, is a material characterization technique used to
detect the composition present on the surface of a sample.
By directing a thin beam of electrons onto or into the
sample, various interactions are initiated in the sample.
EDX analysis uses these emitted X-rays to understand the
chemical composition of the elements present in the
sample. Each element exhibits a distinct X-ray energy spec-
trum. EDX analysis detects these energy spectra to deter-
mine the type and abundance of elements in the sample
[32,58,59]. In Figure 10, the contents of elements Al, Si, O,
Ca, Fe, Na, K, and C resulting from EDX analysis are pre-
sented in terms of weight and percentage. The presence of
elements in Al-containing GPC has been demonstrated
within the scope of this EDX study.

In the sample (Figure 11a), Al(K): 9.56% (weight). In
Figure 11b, Al(K): 6.14%. The increase in Al content shows
that metallic Al doping in chip form is directly reflected in
EDX analysis. This suggests that adding Al strengthens the
aluminosilicate structure during geopolymerization reac-
tions by increasing the formation of Al–O–Si bonds, which
improves the matrix integrity. Regarding silicon (Si) con-
tent, Si(K) in sample A: 19%; Si(K) in sample B: 20.55%. A

significant increase in Si content is observed with the addi-
tion of Al-waste. This indicates that the interactions
between alumina and silica in the matrix are more intense
and favor the formation of C–A–S–H or N–A–S–H-like geo-
polymeric gel phases. The presence of sodium (Na) among
the other elements reflects the effect of the activators
(NaOH and Na₂SiO₃). A slight decrease in the calcium (Ca)
and iron (Fe) ratios was observed with the addition of Al-
waste. This suggests that the matrix is concentrated on Al
and Si, and the influence of other elements is reduced.
From the SEM images, a denser and more compact micro-
structure is observed in sample B, suggesting tighter inter-
particle bonding. This finding supports the hypothesis that
the addition of Al-waste improves matrix integrity.

The Al CNC waste used in this study had various effects
on the GP system with high alkali content at both the
chemical and physical levels. The following reaction occurs
when metallic Al interacts with strong bases, such as
NaOH: this reaction forms sodium aluminate [NaAl(OH)₄]
solutions and releases a significant amount of
hydrogen gas.

[ ( ) ]+ + → +2Al 2NaOH 6H O 2Na Al OH 3H .2 4 2 (1)

This reaction results in the formation of sodium alu-
minate (NaAl(OH)4) solutions and the release of a signifi-
cant amount of hydrogen gas. This accelerates the

Figure 9: TGA of the GPC sample.
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geopolymerization mechanism by increasing the ambient
pH, contributing to the formation of Si–O–Al bonds at an
earlier stage and shortening the setting process.
Additionally, Al particles are quickly surrounded by GP
gel phases, creating a passivation effect on their surfaces.
This passivation prevents both further reaction of the par-
ticles and excessive porosity in the system. At the same
time, these surface layers act as nucleation centers that
promote the growth of gel phases and homogeneous
matrix formation. This can positively affect strength
increase, especially at early stages. Particle size distribu-
tion also plays a decisive role in these interactions. The
exothermic reactions observed due to Al doping caused
local temperature increases and accelerated gel phase

formation, reducing the setting time. However, uncon-
trolled hydrogen gas outgassing can lead to pore forma-
tion, resulting in a decrease in mechanical strength.
Therefore, control mechanisms related to particle size,
distribution, and surface reactions are critical for system
performance. Further studies on this subject can be con-
ducted. In conclusion, SEM images and EDX analyses
demonstrate that Al doping is homogeneous within the
GP matrix. In conclusion, SEM and EDX analysis demon-
strate that Al doping can be homogeneously dispersed in
the GP matrix and integrated with silicate-based phases.
Under appropriate conditions, the Al sawdust additive can
accelerate geopolymerization processes, shorten the set-
ting time, and increase the final mechanical strength.

Figure 10: SEM micrographs of the obtained samples.
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4 Concluding remarks

In this evaluation research, FA was partially replaced with
GBFS in the production of GPC. Additionally, Al-waste was
separately incorporated into the mixtures at rates ranging
from 0 to 4%. The M of the NaOH solution was selected as
11, 13, and 16M, and the effects of these variables on mechan-
ical and microstructural properties were investigated. CS,
STS, and FS were evaluated on the hardened specimens,
and SEM analysis was conducted to examine and compare
the microstructural characteristics of the samples.
• It was determined that increasing the M of NaOH nega-
tively affected the workability of the mix. Additionally,
the addition of Al-waste caused a significant decrease in
slump values. The setting time was recorded as approxi-
mately 10 min when Al-waste was added at 1, 2, and 3%,
while it increased to around 40min with 4% addition. As
a result of these implications, the slump values
decreased as the M increased. In addition, the impact
of the Al-waste ratio on the slump was studied while
maintaining the same M throughout the experiment. It
was revealed that the slump values dropped whenever
there was an increase in the percentage of Al-waste.

• The M of NaOH was selected as 11, 13, and 16 M, while the
proportion of Al-waste and slag ratio in the GPC mixture
were varied at 0, 1, 2, 3, 4% and 0, 5, 10, and 20%.
Experimental results indicated that increasing the M of
NaOH proportionally amplified the variations in
mechanical properties. Moreover, increasing the slag
content from 0 to 20% led to a reduction in CS by
31.34% at 11 M and 1% AL waste and by 27.68 and
30.94% at 13 and 16 M and 1% AL waste, respectively.

• When the Al-waste content was increased from 0 to 1%, a
17.66% reduction in CS was observed for 11 M. At mola-
rities of 13 and 16 M and 5% slag ratio, elevating the Al-
waste content to 4% resulted in CS reductions of approxi-
mately 42.31 and 33.79%, respectively.

• Analysis of the results revealed that STS generally exhib-
ited a trend parallel to that of CS. Despite increases in the
mixture proportion from 0 to 20% slag ratio, the percen-
tage change in STS decreased to 9.45% at 11 M and 0% AL
waste. Furthermore, increasing the slag content from 0
to 20% resulted in STS decreases of 16.86 and 5.46% at
molarities of 13 and 16 M, respectively.

• NaOH M was maintained at 11, 13, and 16 M, with Al-
waste content ranging from 0 to 4%. It was observed

Figure 11: EDX spectra of the obtained samples. (a) EDX-1 and (b) EDX-2.
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that STS decreased as the Al-waste proportion increased
from 0 to 4%.

• Microstructural analyses and SEM imaging revealed that
the incorporation of Al into GPC induced pore formation
due to swelling. EDX analysis confirmed the presence of
elements such as Al, Si, O, Ca, Fe, Na, K, and C. TGA
results demonstrated approximately 94% mass retention
upon heating to 600°C, indicating lower mass loss com-
pared to values reported in the literature.

• Throughout the experimental procedure, while the Al-
waste ratio was kept constant, the M of NaOH was adjusted
to 11M, 13M, and 16M. It was noted that increases in M
correlated with reductions in observed fluctuations, a trend
that was also valid under inverse conditions.
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