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ARTICLE INFO ABSTRACT

Keywords: Recently, utilizing industrial waste in the construction industry has gained significant attention to
Waste foundry sand meet sustainability demands and mitigate the adverse environmental impacts caused by the
Stabilized

construction industry. This study evaluates the engineering properties of waste foundry sand as a
target material after stabilization with an environmentally friendly stabilizing agent (fly ash
geopolymer), focusing on achieving adequate strength under ambient curing conditions as a
feasible choice for road bases in geotechnical applications. While fly ash geopolymer application
is typically linked with temperature curing, this research explores its application under ambient
curing to enhance feasibility and reduce production costs. The fly ash geopolymer was synthe-
sized by activating fly ash using a combination of sodium hydroxide and sodium silicate. The
experimental program investigated the geopolymer-stabilized waste foundry sand at varying
dosages of 7, 15, and 25 %, examining physical properties, non-destructive tests, mechanical
properties, XRD phase analysis, and SEM observation. The results demonstrated that increasing
fly ash dosage significantly enhanced the physical properties, mechanical properties, and
microstructure of the geopolymer-stabilized waste foundry sand samples. Dry density improved
from 1.75 to 2.02 g/cm?; longitudinal wave velocity increased from 897.3 to 2028.4 m/s, and
unconfined compressive strength rose from 109 to 5261 kPa. Notably, only samples with 25% fly
ash achieved the requisite strength to satisfy the road base limit (4100 kPa). These outcomes
instill confidence in the potential use of waste foundry sand as a construction material and
transition it from mere filling material to a valuable resource, furthermore encouraging the
adoption of fly ash geopolymer as an environmentally friendly stabilizing agent in geotechnical
applications.

Fly ash
Geopolymer
Ambient curing

1. Introduction

The growing emphasis on environmental preservation and the adoption of eco-friendly approaches is increasingly important. This
is driven by the urgent need to reduce the reliance on finite natural resources and advocate for a sustainable future. The global issue of
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climate change further highlights the necessity of identifying alternative, sustainable resources and adopting practices that minimize
harmful effects on the natural environment. Consequently, the field of sustainability science must continuously evolve to enhance
ecosystem preservation and contribute to establishing a more sustainable society [1]. Circular economy principles are pertinent for
achieving sustainable development goals. It is widely recognized that the transition from a linear economic model to a circular one,
characterized by the “produce-use-reuse-recycle” framework, offers a viable solution to prevent the depletion of natural resources and
is essential for ensuring a sustainable future. Its primary strategies are anticipated to make a significant contribution towards more
effectively managing the substantial quantities of waste in the ecosystem by reducing, reusing, recycling, redesigning, remanu-
facturing, and recovering [2-4]. Construction waste, which constitutes 35%-40% of waste generated globally, poses a significant
threat to the global economy and sustainability. Such waste materials are primarily inert and non-biodegradable, making them ideal
for reuse in the construction sector [5].

Waste foundry sand (WFS) is a by-product of metal foundry industries. It was initially utilized as a casting mold material, but it
eventually degraded into finer particles due to the high temperature in the metal foundry process [6]. Manufacturing One ton of metal
foundry produces approximately one ton of WSF [6,7]. So far, only 10% of WFS has been recycled in different applications [6,8]. The
primary challenge in recycling WFS lies in its classification as poorly graded sand (SP), which characterizes it as problematic soil.
Towards sustainable goals, the consumption of primary natural resources can be minimized by recycling and maintaining construction
materials simultaneously [8]. Such soil can be employed in geotechnical construction through soil improvement techniques. Portland
cement is highly known for stabilizing foundation soils of highways to be used as subgrade, subbase, and base materials [9-12]. From a
sustainable point of view, Portland cement is considered an unfriendly environmental material. Its production generates high emis-
sions of CO, [13]. Approximately one ton of Portland cement production emits one ton of CO,. This high carbon footprint from the
cement industry was attributed to the substantial fuel consumption during clinker production and the decarbonization of lime [13,14].
Towards green cement production, geopolymers have been merged as competitive alternatives to Portland cement, offering a lower
carbon footprint while maintaining comparable properties to Portland cement [15,16].

Geopolymers, a class of inorganic polymers, are produced by the reaction of aluminosilicate in an alkaline medium to form a three-
dimensional structure. This process involves a series of reactions, starting from aluminosilicate dissolution and ending with the
polycondensation of monomers [17]. The aluminosilicate precursors can be manufactured by calcining natural clay minerals at various
temperatures (typically 400-800 °C for 2-6 h), producing materials like metakaolin (MK) [18] or by utilizing industrial waste ma-
terials rich in aluminosilicates such as fly ash (FA) and ground granulated blast furnace slag (GGBFS) [15]. The alkaline environment is
achieved by adding alkali substances such as sodium hydroxide (NaOH), sodium silicate (NazSiO3) or a combination of both [19,20].
The soil improvement applications of FA geopolymers were previously hindered by the assumption that the reaction could only occur
when cured with heat (typically 50-80 °C), making it challenging to use in geotechnical practice [21]. However [22], studied the
stabilization of soft clay using FA in the geopolymer composition from 20 to 40 activated by sodium hydroxide under ambient curing
conditions. Their results were analyzed based on the unconfined compressive strength (UCS) and evaluated by XRD analysis. They
concluded that the most significant factor is the concentration of sodium hydroxide, which increases the UCS when it is increased.
Furthermore, the increase in water content negatively influenced the results. Another study conducted by Lui et al. [16] investigated
the stabilization of loess by FA. The FA geopolymer was activated by sodium or potassium hydroxides under ambient conditions,
partuclarly for road foundations. They first optimized the fly ash geopolymer (FAG) to achieve maximum UCS and subsequently
applied the optimal FAG mixture with varying percentages of FA to the loess (10%, 20%, and 30%). The study demonstrated that
mechanical properties such as UCS and modulus of elasticity have improved with the increase of FA percentage. In a separate
investigation [21] explored the aggregate base improvement by geopolymer synthesized from FA and a combination of FA and red
mud with 20% of precursor. They concluded that two crucial factors affect geopolymer performance, curing temperature in a positive
impact whereas increased water had a negative impact. Nevetheless, they demonstrated that the ambient curing condition was suf-
ficient to develop the required mechanical properties of geopolymer-stabilized base samples and was more practical. Additionally, a
study by Ref. [8] examined the properties of WFS to find out that it is poorly-graded sand. The maximum strength is quite low, and its
application in construction is limited to low-rise embankment with batter slope.

To date, there is a notable absence of research within existing literature to valorize the waste foundry sand (WFS) as a base material
for geotechnical applications. This is largely attributed to its low mechanical properties, restricting its use to low-rise embankments.
Thus, the aim of this research is the stabilization of WFS to meet the sustainable demands by (i) employing a green stabilizing agent
such as a geopolymer precursor (FA), (ii) activating this precursor by a combination of sodium hydroxide solution (SH) and sodium
silicate solution (SS), (iii) executing the stabilization process under ambient conditions, as a feasible application of geopolymer-
stabilized WFS bases. The experimental results were evaluated by physical properties, non-destructive tests, mechanical properties,
X-ray diffraction (XRD) phase analysis, scanning electron microscopy (SEM) observations and EDS elemental analyses of the
geopolymer-stabilized WFS samples.

2. Materials and methods

This section summarizes the source of the WFS and the stabilizing agent properties. In addition, the sample preparation and
experimental tests have been explained.

2.1. Source of WFS

The WFS was provided by Wescast Hungary Ltd. (Oroszlany, Hungary). According to the Unified Soil Classification System (USCS),
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the boundary between gravel and sand is 4.75 mm [23]. Hence, samples were sieved to pass through a 4.75 mm sieve to remove
potentially larger particles mixed with the WFS.

2.2. Fly ash and alkaline activator properties

Fly ash was used as the geopolymer precursor material. The fly ash type Microsit 20 source is Meselia-Hungaria Ltd. (Pomaz,
Hungary). This type of fly ash is chosen over others because it consists of primarily amorphous and quite fine particles (dgs < 20 pm).
Geopolymers with a smaller median particle size precursor gave more reaction products and increased microstructure homogeneity
due to fewer non-reacted and non-bridged particles [24]. The chemical composition is made by XRF and presented in Table 1. The
particle shape is spherical. The Blain surface and specific gravity are 7300 cm?/g and 2.38, respectively. Sodium hydroxide solution
(SH) was prepared by mixing distilled water with sodium hydroxide pellets of 98% purity to prepare the proper molarity based on the
density and temperature [25]. First, the distilled water was put into the flask, and then the pellets were added and gently stirred until
they reached homogeneity. The SH was kept for 24 h at the laboratory ambient (20 + 2 °C) to evolve the reaction heat. The sodium
silicate solution (SS) was analytical grade with a silicate modulus (Ms) of 3.16 (% H20 = 65.27, % SiO3 = 26.39, and % Nay0 = 8.34).
The alkali activator solution (SH + SS) was mixed 24 h prior to used in geopolymer synthesis.

2.3. Sample preparations

Based on the pioneering literature [15,19,22,26] and previous experience [27], the alkaline activator solution (AAS) was fixed at
probable optimum controlling factors: molarity of SH = 16 M, SS/SH = 2.0, and w/GPS = 0.2, where w/GPS is the water (w) to
geopolymer-solid (GPS) ratio. The WFS was wet by the amount of water (Wextra) to reach the optimum moisture content (OMC). The fly
ash percentages (FA%) regarding the total weight of solids (WFS + FA) were 7, 15, and 25%. The upper limit was selected to be just
below the binder percentage in mortar (27%) [28]. The lower limit was chosen by trial in the laboratory that can hold the WFS particles
in the sand. Since there is one variable parameter (FA%), the effect is assumed to be a linear relationship [29], and an intermediate
value (15%) is chosen to validate this assumption. The detail of the mix proportion is presented in Table 2. First, the geopolymer gel
was prepared by adding AAS to FA and mixing for 3.0 min to prepare each mix. Then, the geopolymer gel was added to the wet WFS
and continued mixing for a further 4.0 min to achieve a sufficiently homogenized mixture. Eventually, the mixture was poured into
three compacted layers in 40*40*80 mm prism molds with a twice-width-to-hight ratio to eliminate the end effects during unconfined
compression tests. After 24 h, the samples were de-molded and wrapped with plastic films and then kept under ambient laboratory
curing (20 + 2 °C) until testing at seven days. Three specimens represented each sample, and the average was taken. In the sample IDs,
WFS stands for waste foundry sand, FAG stands for fly ash geopolymer, and the numbers are the fly ash (FA) percentages related to the
total weight of solids (WFS + FA) (Table 2).

2.4. Testing methods
Physical properties: bulk and dry densities were evaluated for the intact geopolymer-stabilized WFS samples following ASTM

D7263 [30], while specific gravity and void ratio were determined by following ASTM D854 [31]. The calculations were obtained by
applying Eq. 1- 4 as follows:

o=(M,/ V) (€8]
va= (v, / (1+m)) 2
GS=(r,/rv) ®
e=((GS*y,—va) /1a) )

where Y7 is the bulk density, M, is the total mass in grams, V; is the total volume in em?®, Tyis the dry density, m is the moisture content
in %, GS is the specific gravity, Y is the solid density calculated by the pycnometer method, 1, is the distilled water density, and e is
the void ratio.

Non-destructive tests: longitudinal and shear wave velocities were used to evaluate the integrity of the intact geopolymer-stabilized
WEFS samples following the ASTM C597 [32]. Traveling time (t) of wave propagation through a sample length (1) was measured by an
ultrasonic measurement instrument type GEOTRON-ELEKTRONIC of 50 kHz frequency. The instrument is aided by special software
that captures the traveling time of longitudinal and shear waves. Both longitudinal wave velocity (V},) and shear wave velocity (V)
were calculated by Egs. (5) and (6) as follows:

Table 1

The chemical composition of fly ash.
Oxide composition SiO, Al,03 Fe,03 CaO K,0 LOI*
wt.% 52.0 35.7 6.4 2.9 0.6 2.4

@ : Loss on ignition.
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Table 2
Mix proportion of geopolymer-stabilized WFS.
Sample ID FA % FA (g) WFS (g) SH (g) SH (M) SS (g) w/GPS Wextra () OMC %
WEFS_FAG_7 7 105 1395 12.0 16 24 0.2 160.5 13.2
WFS_FAG_15 15 225 1275 25.7 16 51.4 0.2 117.8 13.2
WFS_FAG_25 25 375 1125 42.7 16 85.4 0.2 64.5 13.2
v,=l/t, (5)
Ve=1/1; 6)

where t, and ¢; are the traveling times of longitudinal and shear waves, respectively.

Mechanical properties: unconfined compressive strength (UCS) and modulus of elasticity (E) testing procedures of geopolymer-
stabilized WFS samples were selected to be compatible with cemented soils following the ASTM D5102 [33]. The samples were
compressed by a 0.21%/min strain rate using a computer-aided compression machine type INSTRON of 30 kN capacity. The
displacement increment was automatically recorded for every load step. The UCS values were determined by dividing the ultimate
load by cross-sectional area. The E values were determined by taking the slope at 50% of UCS [34].

Phase analysis: X-ray diffraction (XRD) was conducted to investigate the phase composition of original WFS and geopolymer-
stabilized WFS samples. For XRD, the samples were ground manually in a mortar and then sieved with a 44 um opening size sieve.
The ground powder samples were analyzed by PANalytical X Pert Pro XRD device equipped with a Cu Ka source.

Microstructural investigation: scanning electron microscopic (SEM) observation was conducted on the original WFS and
geopolymer-stabilized WFS samples. The original WFS was observed without any modification. The geopolymer-stabilized WFS
sample was taken from fragments of specimens after UCS tests with dimensions of about 10 mm long and 3 mm thick. The micro-
structure of the internal surface of failure due to the UCS test was investigated. The samples were gold-coated under 40 bar vacuum
pressure and then investigated using Phenom XL Desktop SEM/EDS. Fig. 1 illustrates the schematic description of the conducted
experimental tests.

3. Results and discussion
3.1. Characterization of WFS

The particle size distribution of the WFS is presented in Fig. 2. The majority of WFS particles passed through a 425 pm sieve,
demonstrating a coefficient of curvature of 1.2 and a coefficient of uniformity of 2.0. As per the USCS [23], the WFS was classified as
poorly graded sand (SP). The specific gravity, as determined by the pycnometer method [31], was found to be 2.59. The standard
compaction test was conducted according to Ref. [35] to determine the maximum dry density and optimum moisture content, resulting
in values of 1.7 g/m° and 13.2 %, respectively. XRD analysis of WFS revealed that the predominant presence of WFS contains mainly a
well-crystallized quartz (Q) phase, as shown in Fig. 3. The morphology and elemental composition of WFS were determined by
SEM-EDS analysis, as illustrated in Fig. 4. This analysis demonstrated that WFS primarily consisted of oxygen (O) and silicon (Si),
constituting approximately 99% by weight, with traces of other elements that may be attributed to the metal casting process in the
foundry.

Adding fly ash Characterization
geopolymer to WFS % tests of WFS

Further
physical tests

ical i | Mechanic Sampl Z

Geopolymer- Physical Tests Non-destructive | Mechanical ample 8

stabilized WFS > Tests ->\ Tests »> fragments S

samples ‘ \ ] T 5
- |

=

o)
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Fig. 1. Scheme of the conducted experimental tests.
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Fig. 3. XRD pattern of WFS, Q: a-quartz.

3.2. Physical properties

The average values of Y4, GS, and e for all geopolymer-stabilized WFS samples (WFS_FAG_7, WFS_FAG_15, and WFS_FAG_25) are
illustrated in Fig. 5. The additional percentage of FA has a discernible influence on all physical properties, resulting in notable
enhancement. Specifically, as FA percentage rises from 7 to 25, it is evident that Y4 and GS for WFS_FAG_7 and WFS_FAG_25 have
exhibited noticeable improvements, increasing from 1.75 to 2.02 g/cm? and from 2.40 to 2.45, respectively. These improvements are
substantiated by high correlation values (R? = 0.9293 and 0.9868, respectively). The values of e have seen a considerable reduction,
declining from 37.20 % for WFS_FAG_7 to 21.27 % for WFS_FAG_25, with a notably high correlation value (R? = 0.9123). Conse-
quently, it can be deduced that the augmentation of FA percentage positively impacts the physical properties by simultaneously
increasing Y4 and GS while decreasing e. This transformation creates a denser and more cohesive characteristic of WFS, which is a
pivotal initial step in producing a stable base foundation. These results align with prior literature, which has advocated that the
properties of WFS could improve by incorporating finer particles [8]. Moreover, Liu et al. [16], proposed that geopolymer has a high
efficiency in soil stabilization since the unreacted particles act as micro fillers. On the other hand, reacted geopolymer particles after
hardening were considered nanoparticles [36]. Thus, the synergy between the grading of unreacted particles and the fineness of
hardened fly ash geopolymer increases WFS stabilization effectiveness when employing fly ash geopolymer.
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3.3. Non-destructive tests

The average values of V, and V; for all geopolymer-stabilized WFS samples (WFS_FAG_7, WFS_FAG_15, and WFS_FAG_25) are
displayed in Fig. 6. Notably, increasing the FA percentage from 7% to 25% yielded a significant enhancement in both V;, and V;, with
V,, increasing from 897.3 to 2028.4 m/s and V; rising from 574.2 to 1200.5 m/s, respectively. The strong relationship between FA
percentage and the velocity waves (V;, and V) is highlighted by the high R2 values, which stand at 0.9004 and 0.9096, respectively, as
depicted in Fig. 6. To obtain a better perspective on the results, the Vj, and V; values were compared to those of sandstone [18]. This
comparison revealed that only one sample (WFS_FAG_25) was within the range of the sandstone results [18], signifying its equivalence
in terms of integrity. Conversely, samples with 7% and 15% FA exhibited lower integrity compared to sandstone. WFS_FAG_7 and
WFS_FAG_15 samples had considerably lower values of Y4 (1.82 g/cm® and 1.75 g/cm®) along with higher e values (37.20% and
33.52%), in contrast to WFS_FAG_25 sample, which exhibited a higher Y4 value of 2.02 g/cm3 and a lower e value of 21.27%. At this
point, the non-destructive tests were able to characterize the WFS_FAG_25 sample as a good-quality sample since it has V}, and V; values
comparable to sandstone [18]. Interestingly, sandstone is widely used during the construction of road bases [37]. Sample WFS_FAG_25,
being as good as sandstone, can successfully be used as a sustainable base material for roads.
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Fig. 6. Non-destructive results of geopolymer-stabilized WFS samples.
3.4. Mechanical properties

The WEFS has previously been classified as poorly-graded sand, known for its low mechanical properties [8]. Thus, the mechanical
tests conducted in this study focused on investigating the feasibility of using the geopolymer-stabilized WFS as a stabilized sand
material. There was no direct comparison of mechanical properties between the original soil (WFS) and geopolymer-stabilized WFS.

The UCS and E values of all geopolymer-stabilized WFS samples subjected to ambient curing for seven days are displayed in Figs. 7
and 8, respectively. Fig. 7 indicates that UCS values have a strong correlation and increase with the addition of FA percentage. This
behavior can be attributed to geopolymer gel providing considerable cohesion between WFS particles and contributing to strength. It is
noticeable that only the WFS_FAG_25 sample has passed the required UCS value for use as a base material [38], as illustrated in Fig. 7.
This result is consistent with non-destructive tests, which suggested that only the WFS_FAG_25 sample can be characterized as a
good-quality sample. In a related study [16], examined the stabilization of loess with FA for potential use in road bases. Their results
yielded a maximum UCS of 4300 kPa for 30% of FA activated by SS and SH. In this research, the geopolymer-stabilized WFS with 25%
of FA activated by SS and SH achieved a UCS of 5261 kPa, as shown in Fig. 7. Therefore, geopolymer-stabilized WFS with 25% of FA is
eligible to be used as road bases.

Fig. 8 presents the E values of geopolymer-stabilized WFS samples. It shows that E increases with the addition of FA percentage.
This increase is attributed to the growing quantity of synthesized geopolymer surrounding the WFS particles. The E values for the
WFS_FAG_7 and WFS_FAG_15 samples (32.30 MPa and 43.62 MPa, respectively) are comparable and relatively low compared to the E
value of the WFS_FAG_25 sample (588.98 MPa); this is because the geopolymer gel is insufficient to bind all WFS particles for 7 and 15
% of FA. Therefore, 25% of FA is the practically perfect percentage to meet the minimum requirement of UCS for base materials and a
relatively high value of E. These results agree with existing literature findings that increasing the geopolymer content increases E
values, as it enhances homogeneity and produces a more uniform structure frame that holds the soil particles [16]. Furthermore,
increasing the FA percentage leads to an increase in fine particles, which can improve the grading of the poorly-graded WFS [8].
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Fig. 7. UCS values of geopolymer-stabilized WFS samples.
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Fig. 8. E values of geopolymer-stabilized WFS samples.

Stress-strain curves and failure modes of representative specimens of WFS_FAG_7, WFS_FAG_15, and WFS_FAG_25 samples are
shown in Fig. 9(a-f). According to Ref. [33], the failure modes of cemented soils can indicate either a barrel, cylindrical or brittle
failure modes. All geopolymer-stabilized WFS samples showed a brittle failure mode. This kind of failure mode was also reported in the
literature for cemented soils [39]. The brittleness was increased when the FA percentage was higher. This behavior can be attributed to
the nature of geopolymer, which has a brittle fracture [40].

3.5. XRD analysis

The XRD analysis was conducted on geopolymer-stabilized WFS samples for further investigations, as illustrated in Fig. 10.
Notably, there is a broad hump at XRD patterns for all geopolymer-stabilized WFS samples from 5° to 32° 2Theta. This broad hump in
XRD patterns is associated with the presence of amorphous phases and detects the geopolymer synthesis, as referenced in previous
studies [16,41]. By observing these XRD patterns, all geopolymer-stabilized WFS samples show identical XRD patterns with two
discernible crystalline phases: a-quartz (Q) and mullite (M). By comparing these results with the XRD patterns of the original WFS
(Fig. 3) and fly ash geopolymer in Fig. 11, it can be inferred that the crystalline phase M in the geopolymer-stabilized WFS samples
likely originates from unreactive FA. No new observable crystalline phases emerged during the stabilization process with varying FA
dosages. Although the percentage of dosage was different, the mineral composition was stable; this is evidence that WFS does not react
with the stabilizing agent. It is reported that silica quartz can only participate in the geopolymerization reaction when the curing
temperature exceeds 800 °C [17]. In this research study, the curing temperature is kept at ambient condition (20 + 2 °C), and the
chemical composition of WFS primarily consists of silica quartz. Therefore, it is unsurprising that the XRD patterns of
geopolymer-stabilized WFS samples remain consistent, indicating no further reaction between WFS and the stabilizing agent. This
behavior is different from clayey soils, such as expansive soils that tend to react with stabilizing agents [42]. Therefore, it can be
confidently confirmed that the key factor in enhancing the geopolymer-stabilized WFS is the percentage of FA addition, which provides
sufficient geopolymer gel to bind the WFS particles, providing the cohesion characteristic as observed in WFS_FAG_25 sample that
exhibits superior properties over WFS_FAG_15 and WFS_FAG_7 samples.

3.6. SEM analysis

Mechanical tests, including non-destructive tests, have demonstrated that only the WFS_FAG_25 sample fulfilled the requirements
as a base material. Furthermore, the XRD analysis revealed that the detectable crystalline phase composition is identical for all
geopolymer-stabilized WFS samples. Thus, the SEM analysis has been performed to investigate the microstructure of the WFS_FAG_25
sample. The microstructure of the WFS_FAG_25 sample is depicted in Fig. 12. The SEM image of the WFS_FAG_25 sample clearly
indicates that the WFS particle is encapsulated by FA geopolymer (FAG). Some microcracks are visible, which may have developed
either during the mechanical test or due to shrinkage [16]. The micropores appear to be filled with FAG to some extent. A large surface
area of the WFS particle is surrounded by FAG, thus enhancing the strength by providing cohesion due to the binding behavior of FAG.
This microstructure is found to be similar to the microstructure observed in dredged sediment stabilized by cement [43]. The FAG
microstructure shows some unreacted and partially reacted particles. This result aligns with [16], who suggested that the unreacted
particles of FA behave as microfillers. Therefore, increasing the FA percentage increases the homogeneity of the structure frame to
produce more stable and coherent soil suitable for road bases.

4. Conclusion
In this study, fly ash (FA) geopolymer was utilized to improve waste foundry sand (WFS) behavior, which can serve as a stabilized

sand base material. Fly ash geopolymer was synthesized by activating fly ash with a combination of sodium hydroxide and sodium
silicate solutions, hardening under ambient curing conditions. Heat treatment was not applied for practical reasons. Three FA
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Fig. 9. Stress-strain curves and failure modes of geopolymer-stabilized WFS representative specimens. a. Stress-strain curve of WFS_FAG_7; b.
Stress-strain curve of WFS_FAG_15; c. Stress-strain curve of WFS_FAG_25; d. The failure mode of the stress-strain curve of WFS_FAG_7; e. The failure
mode of the Stress-strain curve of WFS_FAG_15; f. The failure mode of the stress-strain curve of WFS_FAG_25.

percentages (7, 15 and 25 %) were applied to produce geopolymer-stabilized WFS. All samples were investigated by physical, non-
destructive, and mechanical tests for the adequacy of base material requirements, and the microstructure was evaluated based on
XRD and SEM analyses.

The test results confirmed that the physical and mechanical properties notably improved when the FA percentage increased in the
composition of the FA geopolymer-stabilized WFS. Dry density improved from 1.75 to 2.02 g/cm?®; longitudinal wave velocity
increased from 897.3 to 2028.4 m/s, and unconfined compressive strength rose from 109 to 5261 kPa. The non-destructive test results
showed that the WFS_FAG_25 sample exhibited significantly higher wave velocities compared with the WFS_FAG_7 and WFS_FAG_15
samples, indicating the robust integrity of the WFS_FAG_25 sample. The strength development of geopolymer-stabilized WFS was
adequate for base material requirements only when a 25% FA was incorporated in the WFS_FAG_25 sample. Both WFS_FAG_7 and
WFS_FAG_15 samples developed poor strength due to an insufficient amount of stabilizing agents in the mixtures. The XRD analysis
further revealed that all geopolymer-stabilized WFS samples displayed identical patterns of crystalline phases. The SEM analysis
demonstrated that geopolymer-stabilized WFS had a stable and compact microstructure due to geopolymer synthesis. These findings
strongly indicate that the engineering properties of geopolymer-stabilized WFS samples enhanced due to the binding characteristic of
geopolymer gel. To look towards potential applications and future directions, geopolymer-stabilized WFS emerges as an environ-
mentally apprehensive solution for sustainable construction. It facilitates utilizing waste materials while minimizing the carbon
footprint associated with traditional stabilizing agents. The practical implications of the geopolymer-stabilized WEFS satisfy the
requirement both for subgrades and road bases. Moreover, this innovative approach could be theoretically extended to a wider range of
geotechnical applications that require relatively low strength, such as pipeline bases.

5. Limitations and future work

This research study is limited to utilizing fly ash as the geopolymer precursor and a combination of sodium hydroxide solution and
sodium silicate solution as an alkali activator to stabilize waste foundry sand, specifically for road base applications. In light of future
endeavors, the authors recommend investigating alternative geopolymer precursors and different combinations of alkali activators,
such as potassium hydroxide solution and potassium silicate solution to stabilize waste foundry sand.
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Fig. 12. SEM images of the geopolymer-stabilized WFS.
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