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OZET

Demir-gelik endiistrisi ve cam sanayisinden elde edilen atiklarin ¢evresel etkilerinin azaltilmasi amaciyla yapilan
bu ¢aligmada, cam sanayi atigiin ti¢lii alkali aktivator sistemiyle iiretilen ciiruf esasli geopolimer kompozitlerin
fiziksel, mekanik ve durabilite 6zelliklerine etkisi incelenmistir. Bu kapsamda, cam sanayi atig1 olan silis tozu,
belirli oranlarda 6giitiilmiis yiiksek firin ciirufu yerine ikame edilmistir. Uglii alkali aktivator olarak; 10M NaOH,
NazSiOsq) ¢ozeltisi ve NapSOs igerikli atik sinter kiili kullanilmigtir. Deneysel ¢alismada iiretilen geopolimer
kompozitlerin yayilma, su emme, biiziilme, kapiler su emme, basing dayanimi ve asit direnci deneyleri yapilmistir.
%S5 oraninda silis tozu ikame edilmesi, geopolimer kompozitlerin fiziksel, mekanik ve durabilite 6zelliklerini
belirgin bir sekilde iyilestirdigini gostermektedir. Silis tozu, kompozitlerin islenebilirligini %40-45 oraninda
artirmig; ayrica biiziilme, kapiler su emme katsayisi ve poroziteyi azaltarak asidik ortamlara kars1 dayaniklilig
artirmistir. Bu bulgular, endiistriyel atiklarin geopolimer malzemelerde etkin bir sekilde kullanilarak gevresel
etkilerinin minimize edilebilecegi ve siirdiiriilebilir, ekonomik agidan verimli malzemelerin iretilebilecegi
yoniinde 6nemli bir potansiyel sunmaktadir.

Anahtar Kelimeler: Ciiruf, Sinter Kiilii, Silis Tozu, Fiziksel ve Mekanik ozellikler, Asit Direnci

EFFECT OF GLASS INDUSTRY WASTE ON THE PHYSICAL,
MECHANICAL, AND DURABILITY PROPERTIES OF SLAG-BASED
GEOPOLYMER COMPOSITES PRODUCED WITH A TERNARY
ALKALI ACTIVATOR SYSTEM

ABSTRACT

This study, aimed at reducing the environmental impact of industrial waste from the steel and glass industries,
investigates the effect of glass industry waste on the physical, mechanical and durability properties of slag-based
geopolymer composites produced with a ternary alkali activator system. Silica powder, a waste product from the
glass industry, was substituted for ground blastfurnace slag in specific proportions. The ternary alkali activator
system used consists of 10M NaOH, Na.SiOs(aq) solution and sinter ash containing Na.SOa. Experimental tests
were carried out on the produced geopolymer composites, including spread, water absorption, shrinkage, capillary
water absorption, compressive strength and acid resistance. The substitution of 5% silica powder significantly
improved the physical, mechanical and durability properties of the geopolymer composites. Silica powder
increased the workability of the composites by 40-45% and reduced shrinkage, capillary water absorption and
porosity while improving resistance to acidic media. These results represent a significant potential for the effective
use of industrial waste in geopolymer materials, helping to minimise environmental impact and produce
sustainable, economically efficient materials.
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1. Introduction

The glass industry is a crucial component of modern construction and technology sectors.
However, its production processes generate waste that presents significant environmental and economic
challenges. Among these wastes, silica powder (SP) is notable for its high SiO: content and is typically
disposed of through waste management methods [1-2]. However, these disposal methods contribute to
environmental issues and lead to the waste of an economically valuable resource [3]. In recent years,
there has been increasing research into alternative uses for waste SP. Its high reactivity and fine
particulate structure make it a valuable additive in the production of geopolymers [4-5]. Geopolymers,
with their low carbon emissions and sustainability benefits, offer an environmentally friendly alternative
to traditional binders. Their properties also make them an ideal matrix for waste recovery [6-7]. Studies
have shown that the incorporation of SP into geopolymers positively affects mechanical strength,
chemical resistance, and microstructural development [8-9]. Notable improvements in acid resistance
and strength properties have been observed in SP-based geopolymers [10]. Furthermore, these
applications contribute to achieving sustainable waste management goals by facilitating the recovery of
glass industry waste [11-12].

The iron and steel industry generates substantial amounts of waste through various processes.
Among these, steel slag (SS) and ground granulated blast furnace slag (GGBFS) are particularly notable
due to their significant environmental and economic implications. SS contains high concentrations of
calcium oxide (CaO), iron oxides (Fe20s), and other oxide components, whereas GGBFS primarily
comprises silica (SiO2), alumina (Al2Os), and CaO. Both materials are highly compatible with alkaline
activation, making them suitable binders in geopolymer systems and supporting the production of
sustainable construction materials. Additionally, China is the world's largest steel producer, producing
137 million tonnes of stainless steel in 2022. However, the utilisation rate is less than 30%, which is
significantly lower than in developed countries such as Japan, the United States and the United
Kingdom, where the utilisation rate reaches 70% [13]. In Turkey alone, the cumulative amount of SS
discarded has reached 5.5 million tonnes, with less than 30% of SS used in low value-added applications
such as aggregates in asphalt mixes [14-15], fillers in foundation construction, cementitious additives in
concrete and other applications [16-18]. GGBFS, a granulated by-product of iron ore reduction, features
an amorphous structure that makes it an effective binder in geopolymer matrices. Its inclusion improves
the mechanical strength of geopolymer systems while enhancing their resistance to acidic environments.
Research indicates that geopolymers incorporating these materials demonstrate enhanced physical and
mechanical properties, including improved water absorption, compressive strength, and shrinkage
behavior [19-21]. Studies on the application of SS and GGBFS in geopolymer systems emphasize their
considerable potential for both sustainability and performance improvement. SS, owing to its free CaO
and MgO content, enhances the curing and hardening properties of geopolymers. Meanwhile, GGBFS
contributes to superior physico-mechanical characteristics, such as lower water absorption rates and
higher strength values [22]. Further investigations are needed to assess the potential incorporation of
sinter ash (SA) wastes into geopolymer systems. This study highlights the novel use of waste SA
containing 82% Na.SOa as an activator, alongside traditional NaOH and Na:SiOs activators, addressing
a gap in the current literature. Sodium sulfate and sodium carbonate, naturally occurring compounds,
effectively enhance the reaction mechanisms in slag-based systems [23-24]. The activation process of
slag with Na2SOa involves the dissolution of SiO4 and AlO4 units in the slag, facilitated by Na* and SO+*
ions, which actively participate in hydration reactions [25]. The primary hydration products identified
in Na.SO4-activated slag systems are C-S-H gel and ettringite, contributing to the material's strength and
stability [26].

The use of geopolymers presents notable challenges concerning shrinkage and acid resistance,
which are vital for their long-term performance in a variety of applications. Shrinkage, which occurs
during both the curing and drying stages, is frequently attributable to the densification and hardening of
the polymeric network, which results in a reduction in volume. Such shrinkage can have a detrimental
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impact on the material's dimensional stability, leading to the formation of cracks and a subsequent
compromise in the structural integrity of the geopolymer. Recent studies have emphasised the
significance of regulating the mixture design, curing procedures and the incorporation of additives, such
as fibres or chemical agents, to minimise shrinkage and enhance the durability of geopolymers [27].
With regard to acid resistance, geopolymers display greater resilience to acidic environments than
traditional cement-based materials, due to the strong aluminosilicate network they possess.
Nevertheless, prolonged exposure to highly corrosive acids, particularly at elevated temperatures or in
concentrated solutions, can still result in degradation of geopolymers. The extent of this degradation is
contingent upon a number of factors, including the specific raw materials employed, the curing
conditions, and the structural characteristics of the geopolymer [28]. To enhance acid resistance, recent
studies have concentrated on optimising geopolymer composition and incorporating supplementary
materials, such as industrial by-products, which can augment their durability in harsh chemical
environments [29].

In this study, SP, a glass industry waste with a chemical composition of 95% SiO-, was used to
compensate for the effects of free CaO present in SS and to improve the physical, mechanical and
durability properties of GCs. SP was substituted for GGBFS at weight ratios of 5%, 10%, 15%, 20%
and 25% to reduce costs and increase waste recycling. The performance of the GCs was evaluated
through tests measuring workability (flowability), water absorption, shrinkage, capillary water
absorption, compressive strength and acid resistance.

2. Materials and Methods

In this study, a variety of materials were used to prepare geopolymer composites (GCs), including
ground granulated blast furnace slag (GGBFS), steel slag (SS), sinter ash (SA), and silica powder (SP).
The GGBFS is a by-product of the iron manufacturing process and is employed as a binder in
geopolymer production due to its pozzolanic properties, which contribute significantly to the strength
and durability of the GCs. The SS (sieved <1 mm), a by-product of steelmaking, was incorporated with
the objective of enhancing the mechanical properties of the GCs. This incorporation provides additional
calcium and iron components that improve the material's overall stability. Subsequently, the SP was
incorporated into the mixture to augment the silica content, thereby facilitating the formation of the
aluminosilicate gel that endows the GCs with their distinctive chemical and mechanical properties.
These materials were selected for their complementary roles in optimising the performance of the GCs,
with detailed specifications provided in the following sections. The overall mixture design is depicted
in Figure 1. Figure 2 shows the particle size distributions of the raw components, determined using a
Laser Particle Sizer.

Figure 1. Images of a) GGBFS, b) SS, c¢) SA and d) SP
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Figure 2. GGFS, SA, SS and SP particle size distributions used in study

The particle size distributions of GGBFS, SS and SA were analysed and showed different
characteristics. GGBFS had Dgg, Dso and Dio values of 37.5 pum, 14.9 pm and 2.52 um respectively. In
comparison, SS had much coarser Dgg, Dso and D1o values of 309 um, 76.1 pm and 9.84 um. The SA
showed intermediate particle sizes with Dgg, Dsg and D1g values of 32.6 pm, 14.6 um and 4.89 um. The
SP showed intermediate particle sizes with Dgo, Dso and D1 values of 161 um, 91 pm and 43.5 um. SS,
after sieving to exclude particles larger than 1 mm, showed a particle size distribution primarily
concentrated between 18 um and 300 um, as shown in Figure 2. In terms of specific surface area,
GGBFS had a value of 403.4 m?kg, SS had 308.4 m¥kg, SP had 173.7 m?kg and SA had the highest
value of 576.1 m¥kg. The respective densities of these materials were 2.98 kg/m* for GGBFS, 2.38
kg/m? for SS, 2.71 kg/m? for SP and 2.97 kg/m? for SA. Table 1 gives a detailed comparison of the
chemical compositions of SS and GGBFS. It is noteworthy that SS has a higher free CaO content than
GGBFS, which would suggest a higher reactivity. However, the higher Fe.Os content in SS reduces its
overall reactivity, distinguishing it from the finer and more active GGBFS.

Table 1. Chemical composition of SS and GGBFS
Oxides (%) CaO SiO, ALOs Fe,0s MgO SO; KO NaO Mn,0; LOI
SS 48.01 1282 258 139 319 209 0.04 - 348 1331
GGBFS 30.13 36.01 1149 165 866 063 084 0.60 5.66 -

In this study, high-purity NaOH (99.9%) at a concentration of 10 M and an agqueous sodium
silicate solution (Na2Si0Os) with a silica modulus (Ms) of 0.5 were utilized as activators in combination
with SA. The 10M NaOH solution was selected based on the indication in the literature that the optimal
mechanical and physical properties of geopolymers are typically observed with NaOH concentrations
ranging from 10M to 14M [30]. The Na2SiOs(q) consisted of 12% Na20, 24% SiO:, and 64% water.
Additionally, waste by-products from the MEROS® process, carried out at the Karabiik Iron and Steel
Factory, were employed as an activator and surfactant in slag-based GCs. The MEROS® system in the
iron and steel industry uses sodium bicarbonate to capture and solidify sulphates at elevated
temperatures, producing a by-product known as SA. Kardemir Iron and Steel Factory generates
approximately 50,000 tonnes of this material annually, making it a significant resource. XRD analysis
of SA indicated its composition as 77% sodium sulfate (Na2SO.), 5% thenardite, and 17.6% nahcolite,
as determined by Rietveld refinement. Furthermore, the alkalinity of a 5% SA solution was measured to
be within a pH range of 7.5-8 according to 1SO 6353/2:1983 standards. lon chromatography and ICP-
MS analyses revealed the metallic content in SA, with concentrations of 0.44% Na, 0.47% Al, 0.46%
Cu, 0.32% Zn, 0.26% Mg, 0.16% Mn, 0.0021% As, and 0.001% Pb. These chemical and metallic
characteristics make SA a potential candidate for integration into geopolymer systems as an alternative
activator.
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The mixture designs of the GCs in this experiment are shown in Table 2. A total of 6 groups of
mixtures with different ratios were designed. The SS content was used at 40 wt% and the GGBFS
content at 60 wt% in all mixes, maintaining a constant ratio across all designs. The amount of SA was
used in the ratio SS+GGBFS at 5 wt%. The effect of the SP content was investigated using 5%, 10%,
15%, 15%, 20% and 25% by weight of GGBFS. For all GCs, the solution/powder (S/P) ratio was chosen
to be 0.25 to ensure adequate workability and high compressive strength.

Table 2. Experimental design (g)

Codes SS GGBFS SP SA '(\'1%%' Na2SiOsaq)
SO 4 6 0 5 5 20
S5 4 5 5 5 5 20
SI0 40 5 10 5 5 20
S15 40 45 15 5 5 20
S20 40 40 20 5 5 20
S25 4 35 25 5 5 20

The steps involved in preparing GCs are illustrated in Figure 3. The triple activator solution (TAS)
was created using NaOH, Na.SiOs(aq), sodium sulfate-based activator (SA), and tap water. The
preparation process consisted of the following stages:

e Preparation of NaOH Solution: A 10 M sodium hydroxide solution was prepared by dissolving solid
NaOH pellets in tap water. The solution was allowed to rest in a sealed glass container at room
temperature for 24 hours to stabilize.

e Na:SiO; Solution Preparation: A second solution was created by combining equal weights (50 wt%)
of tap water due to its economy and workability and aqueous sodium silicate (Na2SiOs) in a glass
beaker.

e Combining Solutions: For cost efficiency and ease of processing, the NaOH solution (20 wt%) and
the water-Na.SiOs solution (80 wt%) were blended using a magnetic stirrer. The combined solution
served as the primary base for the TAS.

o Integration of SA: The sodium/silicate activator solution was then mixed with a constant proportion
of SA using a hand mixer to ensure uniformity.

For the preparation of GCs, the specified amounts of SS, SP, and GGBFS for each group were
weighed and initially combined in a JJ-5 mixing chamber. The materials were mixed at medium speed
for 60 seconds to achieve a consistent blend. The preparation steps for the GCs involved two mixing
phases:

e Phase 1: The TAS was added to the mixer, followed by the SS+SP+GGBFS mixture. These
components were blended at a medium speed of 1400 rpm for 60 seconds.

e Phase 2: The mixture was further mixed at a higher speed of 2800 rpm for 300 seconds to ensure
thorough homogenization.

This multi-step process was designed to optimize the quality and performance of the geopolymer
composite mixtures.

ADYU Miihendislik Bilimleri Dergisi 24 (2024) 502-515



M. Pekgoz, I Tekin 507

Triple activator

JJ-5 type mixer

l

Shaked by hand-blender

%0 - %25)

(%60 - 9%35) ﬁ
Replacement ratio

Figure 3. Manufacturing and preparation process of GCs

Following the guidelines of ASTM C1437-15 [31], the flowability of fresh GCs was determined
using a material-loaded truncated cone mould. The mould was slightly raised, and the drop was activated
25 times. The workability of the GCs was assessed by recording the expansion diameter in two
perpendicular directions and calculating the average. The GCs were then moulded into cubic shapes of
50x50x50 mm and cured under ambient laboratory conditions for 28 days in preparation for testing. The
compressive strength test was carried out according to ASTM C109 [32] and the acid resistance test
according to ASTM C267 [33] with GCs cast in 50x50x50 mm steel moulds. In order to perform the
acid resistance test, a solution of 1% sulfuric acid was prepared by diluting concentrated sulfuric acid
with distilled water. The specimens were stored under standard laboratory conditions for 28 days to
provide sufficient curing time. Following the 28-day period, the specimens were immersed in the
prepared sulfuric acid solution and left to soak for a further 30 days until the day of the experiment. The
water absorption test was carried out according to ASTM C1585 [34]. The 40x40x160 mm specimens
were subjected to shrinkage and capillary water absorption tests according to ASTM C596 - 18 [35] and
ASTM C1585 [34]. The shrinkage measurements of the GCs were conducted at 1, 2, 3, 7, 14, 21, and
28 days. The measurements were taken using a micrometer on prisms measuring 40 x 40 x 160 mm at
three points, and the mean of these three measurements was employed to calculate the shrinkage. The
shrinkage was calculated using the following formula (1). The samples were cured in an oven at 80 °C
for 2 hours before demoulding, as literature suggests that this condition yields the highest compressive
strength [36-37] promoting early setting and improved early mechanical properties. All GCs were cured
in the laboratory in ambient conditions (2242 °C, 30+5 R.H.) for 28 days until the testing days. The
hardened GCs were tested for compressive strength and water absorption on days 2 and 28 to evaluate
the evolution of the mechanical properties over time.

. Final Length— Initial Length
Shrinkage = 9 g @

Initial Length
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3. Results and Discussions

3.1. Workability of GCs

The results of the workability test of the GC mixtures are shown in Figure 4. As the SP ratio
increased, the slump values of the GCs also increased. In particular, when the SP ratio was 10% or
higher, the workability was improved due to the inert nature of SP compared to GGBFS and its lower
specific surface area. When evaluating the spread values based on the S0-series, it was observed that
when the SP ratio was 5% and >10%, the increase was approximately 23% and 46% respectively.

255 255 255 255
215
i I
0 5 10 15 20 25
Amount of SP (%)
Figure 4. The results of the workability of GCs
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3.2. Compressive strength of GCs

The compressive strength results of the GCs are shown in Figure 5. The highest compressive strengths
at 2 and 28 days were 46.48 MPa and 74.31 MPa respectively for the SO series. However, the S5 series
had compressive strengths that were 7% lower than the SO series. The lowest compressive strength at 2
and 28 days was achieved by the S5 series with values of 13.28 MPa and 34.59 MPa respectively. For
the S5, S10, S15, S20 and S25 grades, the 2-day compressive strengths decreased by 6.7%, 14.6%,
35.7%, 185.5% and 250% respectively compared to SO, while at 28 days the decreases were 3.9%,
16.6%, 32.9%, 52.1% and 114.8% respectively. The reduction in the reactive GGBFS content and the
increase in the inert SP ratio resulted in a reduction in compressive strength. The decrease in strength
was caused by a decrease in the formation of C-A-S-H gels, which are responsible for the increase in
strength. Replacement of SP at 5% by weight did not disturb the stoichiometric ratio, whereas
replacement above 10% SP disturbed the stoichiometric ratio. The stoichiometric ratio refers to the
optimal balance between the alkaline activator and the aluminosilicate source required for the
geopolymerization reaction. Maintaining this ratio is crucial for ensuring the complete reaction of the
precursor materials and achieving the desired mechanical properties in the ultimate GCs. At 28 days,
the compressive strengths for the SO, S5, S10, S15, S20 and S25 series increased by approximately 60%,
60%, 57%, 63%, 200% and 161% respectively compared to the 2-day values. The increase in SP content
over time enhances gel formation, as SiO: dissolves in the alkaline medium, which contributes to the
improved compressive strength development, as reported in the literatiire [30].
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Figure 5. Results of the compressive strength of all GCs
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3.3. Water absorption of GCs

The water absorption results for the GCs are shown in Figure 6. As the inert SP content increased,
the reduction in reactive GGBFS resulted in a decrease in reactions, leading to an increase in visible
porosity. In addition, the reduction in GGBFS resulted in a reduction in C-S-H, C(N)-A-S-H, gypsum
or ettringite gel formation, which typically fills voids. Apparent porosity in the S5, S10, S15, S20 and
S25 series increased by 4.8%, 12.63%, 18.19%, 29.59% and 33.08% respectively compared to the SO
series. Since the apparent porosity of the S5 series was 5% lower than that of the SO series, its
compressive strength was 7% lower. This aligns with the literatiire [38], which suggests that when
apparent porosity is below 5%, its effect on compressive strength is minimal. As the amount of GGBFS,
which has a higher specific gravity than SP, decreased, the dry bulk density also decreased. The lowest
dry specific weight of 1.72 was found in the S5 range. There is a linear relationship between water
absorption values and compressive strength.

m Apparent porosity (%)

35 =Dry specific weight 1.95
< 30 190
S ”s 1.85 _
ey
2 1.80 2
o
5 20 175 =
= =
% 15 1.70 S
— o
§ 10 1.65 g
< 160 5
5 1.55
0 1.50

SO S5 S10 S15 S20 S25
Figure 6. Results of apparent porosity and dry specific weight of GCs

3.4. Length change measurements of GCs

The results of the shrinkage test for the GCs are presented in Figure 7. The highest and lowest
shrinkage values were observed in the S25 and S5 series, with values of 2.6% and 1.7%, respectively.
The 5% replacement of SP interacts with the Ca?" component present in sufficient quantities in the
geopolymer composition, resulting in a reaction with SiO: that enhances gel formation. Consequently,
the filling of micro and macro voids reduces shrinkage. Furthermore, an analysis of the apparent porosity
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and capillarity coefficient indicates that the voids in the S5 series were filled through gelation. As the
shrinkage values increased, the compressive strength decreased, and the apparent porosity increased. A
review of the literature reveals that reaction products in GCs can significantly fill voids, thereby
influencing both shrinkage and absorption. For instance, Xie etc. report in their review article that the
formation of reaction products contributes to a reduction in porosity and void spaces, which in turn
influences the material's shrinkage and absorption properties [39]. Apart from the S5 series, the
shrinkage values of the remaining geopolymer composites were higher than those of the SO series. When
the SP replacement ratio exceeded 10%, the shrinkage values increased due to the reduction in gel
formation caused by chemical reactions.

0.000
. —S0 S5
-0.005 4 510 815
S -0.010 ~-520 525
3
S 0015 W v
& -0.020 i
-0.025 I
-0.030
0 10 20 30

Age (day)
Figure 7. Shrinkage measurements of all GCs

3.5. Capillary water absorption of GCs

The results of the capillary water absorption test are presented in Figure 8. The lowest capillary
coefficient, 0.89 (g/cm>Vmin), was observed in the S5 series. The replacement of 5% of the mixture with
SP resulted in the dissolution and reaction of the silica with the Ca®" components, which promoted gel
formation and filled the capillary voids. Consequently, the capillary coefficient fell below 1. However,
when the SP content exceeded 5%, the reduction in GGBFS content led to a decrease in Ca?*, and the
reduction in gel formation caused the capillary voids to remain unfilled, resulting in an increase in the
capillary coefficient.
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Figure 8. Results of capillary water absorption of GCs
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The capillary water absorption test results presented in Figures 9a, b, and c are correlated with
compressive strength, apparent porosity, and shrinkage values, with R? values of 0.93, 0.87, and 0.91,
respectively. As the capillarity coefficient increased, the compressive strength decreased, the apparent
porosity increased, and the shrinkage values also increased. These correlations indicate that higher
capillary water absorption is linked to poorer mechanical properties and increased porosity, thereby
highlighting the impact of capillary behaviour on the performance of GCs.
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Figure 9. The capillary coefficient correlated with a) compressive strength, b) apparent porosity,
and c) shrinkage values

3.6. Acid resistance of GCs

Figure 10a and b illustrate the acid resistance test results for GC specimens exposed to sulfuric acid
for 30 days. The figures show mass loss and compressive strength loss, respectively. The geopolymers
demonstrated volume stability and did not disintegrate after 30 days, indicating the formation of a
geopolymer structure with robust characteristics, as shown in Figure 11. The lowest and highest mass
losses, at 4.35% and 6.32%, respectively, were observed in the SO and S25 series. As the SP content
increased, a corresponding increase in mass loss was observed. In comparison to the SO series, the mass
loss for 5%, 10%, 15%, 20%, and 25% SP substitutions increased by 9.65%, 20.46%, 21.15%, 32.64%,
and 45.29%, respectively. However, the mass losses observed in the SO and S5 series remained below
5%. As illustrated in Figure 10b, the compressive strength exhibited a loss of 4.72%, 4.94%, and 5.56%
for the SO, S5, and S10 series, respectively. The exposure of the material to sulfuric acid resulted in a
reduction in pH, which led to the dissolution of C-S-H, ettringite, gypsum, and C(N)-A-S-H gels. This,
in turn, led to a decrease in compressive strength. Nevertheless, the compressive strength losses in the
S0, S5, and S10 series remained within the acceptable 5% limit. As the concentration of silica powder
in the acidic medium increases, the amount of dissolved SiO: also increases in accordance with the
solubility of the substance. The dissolution of SiO2 enhances the formation of C(N)-A-S-H gels by
reacting with free Ca** and Na?* ions in the medium, thereby leading to an improvement in compressive
strength in the S15, S20, and S25 series after sulfuric acid exposure.
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Figure 10. Acid resistance experiment results of GCs

Figure 11. Images of GCs after 30 days ofexosure to acid

4. Conclusions

The primary objective of this study is to evaluate the fresh, hardened and durability properties of
steel slag based geopolymer composites, with particular emphasis on the effect of silica powder (SP) as
a partial precursor in combination with ternary activators such as NaOH, Na.SiOs(aq) and sintered ash.
The findings of this study demonstrated that the most optimal ratio was 5% SP. An increase in the SP
ratio enhances the workability of the GCs. The GCs employing 5% SP exhibited the closest
approximation to the highest early and late strengths, with values of approximately 44 MPa and 72 MPa,
respectively. Compared to the SO series, the compressive strength of the S10, S15, and S20 series
decreased by approximately 17%, 33%, and 52%, respectively, while the apparent porosity increased
by approximately 13%, 18%, and 30%, respectively. The utilization of 5% SP decreased the apparent
porosity and capillary water absorption values, indicating that it reduced the impermeability of the GCs.
In acid medium, as the SP ratio increased, GCs mass loss increased, while compressive strength
increased in the series with 15%, 20% and 25% substituted SP.
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