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Effect of blast furnace slag on the
fresh and hardened properties of
volcanic tuff-based geopolymer
mortars
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Volcanic tuffs are abundant in several regions of the world, and their use has emerged as an
economically viable alternative for geopolymer production. This study investigates the effects of
incorporating 0 to 30% blast furnace slag (BFS) into volcanic tuff (VT)-based geopolymer mortars cured
at room temperature and 80 °C on various properties, including setting time, mechanical strength
(compressive and flexural), workability, water absorption and microstructure. Infrared spectroscopy
(FTIR) was used to characterize the geopolymer mortars. Sodium hydroxide and sodium silicate are
used as alkaline activators. Results revealed that pure VT pastes exhibited exceptionally long setting
times, approximately 48 h. However, replacing 10% of VT with Blast Furnace Slag (BFS) reduced this
to 435 min. The effect of BFS on compressive strength was time-sensitive. At 7 days, a substantial
increase from 2.42 MPa to 9.03 MPa was observed with 30% BFS incorporation. Conversely, under
ambient curing, 28-day strength decreased. However, curing at 80 °C for 48 h improved 28-day
strength to 15.03 MPa with 30% BFS. Furthermore, results revealed that incorporating 30% BFS
significantly enhanced workability, resulting in a 92.08% reduction in flow time. Absorption water and
Microstructural analysis confirmed a strong correlation between the degree of geopolymerization and
mechanical performance. These findings highlight BFS as a promising additive for optimizing VT-based
geopolymer mortars.

Keywords Geopolymer mortars, Volcanic tuff, Slag, Mechanical properties, Workability properties,
Absorption of water

Alkali-activated materials (AAMs) are a class of advanced binders synthesized by the chemical activation of
alumina and silicate precursors by strongly alkaline solutions'. These precursors, may be of natural origin (natural
pozzolan (NP), volcanic tuff (VT), clay) or industrial by-products (fly ash (FA), Blast furnace slag (BFS))?,
undergo a dissolution-precipitation mechanism that facilitates the formation of complex aluminosilicate gel
structures*. The chemical reactions, predominantly occurring at relatively low temperatures (25-100 °C), lead to
the generation of geopolymeric matrices, which exhibit superior mechanical properties and enhanced durability
when compared to conventional binders. AAMs have garnered significant attention recently due to their
favorable technical properties and environmental benefits. These materials are seen as promising alternatives
to Ordinary Portland Cement (OPC), as they offer substantial reductions in carbon dioxide (CO,) emissions
associated with the cement production process. The production of AAMs does not require the energy-intensive
clinkerization stage typical of OPC, which occurs at temperatures of 1350-1450 °C. Instead, AAM production
can be carried out at lower temperatures, leading to reductions in energy consumption and CO, emissions of up
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to 70% >, a critical factor in mitigating the environmental footprint of the construction sector, which currently
accounts for around 7% of global CO, emissions®”. One of the primary challenges in the development of AAMs
lies in the variability of the chemical and mineralogical compositions of the precursors, particularly industrial
by-products such as FA and BFS. This variability complicates the optimization and standardization of alkaline
activation processes, which are crucial for tailoring the mechanical performance and durability of AAMs.
Global availability of FA and BFS is also limited, with current annual production estimated at 777 Mt for FA and
300-360 Mt for BFS®. In contrast, global OPC production exceeds 4.1 billion tons per year’, highlighting the
need for alternative materials that can supplement or replace traditional cementitious binders on a large scale.
To overcome these material supply constraints, new formulations such as Alkali-Activated Binary Cements
(AABC:s) and Hybrid Cements (HCs) have been introduced. AABCs are produced by combining two distinct
precursors, while HCs integrate OPC with AAC technology, leveraging the synergistic effects of both systems.
These innovations allow for the production of cement with a high aluminosilicate content (up to 70%) and a
reduced OPC content (approximately 30%), resulting in materials that not only meet performance standards but
also offer significant environmental advantages'®!!. In terms of industrial adaptability, the use of volcanic tuff
has emerged as a commercially viable alternative for MAA production. VTs are abundant in many parts of the
world, particularly in tropical areas, and offer a stable source of high-quality raw materials®!2. It is important
to note that the processing of MAA derived from VTs requires less energy than that of OPCs, as calcination
of the raw materials is not always necessary”. Nevertheless, in some cases, heat treatment can still be applied
to improve VT reactivity, particularly when the material has semi-crystalline characteristics or lacks sufficient
reactive components such as CaO and AL O, "1,

Ilker Tekin'® observed that thermal curing primarily enhanced the early-age strength of geopolymer pastes
composed of 80% volcanic tuff and 20% marble or travertine waste. For instance, he recorded a compressive
strength of approximately 36 MPa on the second day under 75 °C, whereas the strength reached 46 MPa after
90 days at ambient temperature. Similarly, Kantarci Fatih et al.'” investigated the effects of curing temperature
and activator characteristics (type and concentration) on the microstructure and mechanical properties of
volcanic tuff-based geopolymer mortars and concretes. Their findings revealed that the compressive strength
of geopolymer specimens increased with NaOH concentration, achieving a peak value of 37.9 MPa after 90
days when cured at 120 °C for 72 h. Conversely, Baris et al.!® reported that a geopolymer derived from Datga
tuff, cured at 90 °C for 24 h, exhibited a compressive strength of 10.5 MPa when the KOH concentration was
increased from 7.5 M to 12.5 M, followed by a subsequent decline.

Several studies have demonstrated the feasibility of improving AAM performance by incorporating
supplementary cementitious materials such as BFS and MK. These additions serve as secondary sources of
reactive CaO and Al O,, which can further promote the development of calcium silicate hydrate (C-S-H) and
calcium aluminosilicate hydrate (C-A-S-H) phases under ambient curing conditions, leading to a significant
improvement in mechanical strength!®%. So far, only one study has investigated VT/BFS binary systems. Zihao
et al.1? investigated the effect of blast furnace slag (BFS) incorporation on the compressive strength of volcanic
tuff-based geopolymer pastes, cured at 60 °C for 28 days. Their findings revealed that compressive strength
increased with BES content up to 20%, subsequently decreasing, thereby identifying an optimal proportion.

Presenting a novel avenue for sustainable construction materials, the potential of combining volcanic tuff
and BFS as precursors in alkali-activated binders remains largely unexplored in existing research. Therefore,
this study investigates the performance enhancement of Algerian volcanic tuff-based geopolymeric mortars
through the strategic incorporation of BFS, ranging from 10 to 30%. Specifically, it aims to quantify the influence
of varied curing regimes (ambient and 80 °C) on the resultant mortar’s workability, mechanical strength, and
microstructural evolution. By leveraging the abundant local resource of Algerian volcanic tuff, this research
seeks to not only contribute to the scientific understanding of alkali-activated material (AAM) systems but also
to foster regional sustainable development within Algeria’s volcanic territories.

Materials and methods

Materials

Precursor

The study utilized two primary raw materials, both sourced from Algeria: volcanic tuff and blast furnace
slag. The volcanic tuff was extracted from the tuff quarry at Chetaibi (Koudiat Zoubia), operated by GRANU
EST/GICA, located in the northeastern region of Annaba. The blast furnace slag was supplied by EPE SIDER
ELHADJAR Spa, also based in Annaba. Prior to processing, both materials were dried at 105 °C to facilitate
grinding. Afterward, they were ground and sieved to achieve a particle size of less than 80 pm, enhancing their
reactivity. The specific surface area of the VT and BFS was measured using Blaine’s method?!, yielding values
of 4957 cm®/g and 3545 cm?/g, respectively. Their absolute densities were recorded as 2.58 g/cm® for VT and
2.92 g/cm’ for BFS. Additionally, the chemical compositions of both materials were determined through X-ray
fluorescence (XRF) analysis, with the results presented in Table 1.

Oxide | Si0, | Al20, | Fe,0, | CaO |MgO [SO, |K,0 |Na,0 | Cl | PE
VT [6651 1691 |490 |24 |17 |004 [425 (323 |0 |386
BFS 32.83 | 5.08 0.93 3353 | 437 |11 |048 |0.32 0.6 | 21.35

Table 1. Chemical composition of VT and BFS.

Scientific Reports |

(2025) 15:13651 | https://doi.org/10.1038/s41598-025-98382-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

VT 163.43 | 50.36 | 213.79 0.35 610.84 610.84

VT- BFS10 | 163.43 | 50.36 | 213.79 0.35 610.84 549.75 61.08
VT-BFS20 | 163.43 | 50.36 | 213.79 0.35 610.84 488.68 122.16
VT-BFS30 | 163.43 | 50.36 | 213.79 0.35 610.84 427.59 183.25

Table 2. Proportions of mortar mixtures.

Fig. 1. The different stages in mortar preparation.

Alkaline solution

The alkaline solution employed in this study was formulated by mixing sodium hydroxide (SH), with a purity of
about 99.5%, sourced from INOVYN (a subsidiary of INEOS), and sodium silicate (SS), provided by ADWAN
CHEMICALS COMPANY. The sodium silicate solution’s composition by weight consisted of 28.8% SiO», 14.2%
NazO, and 57% Hzo

Methods

The experimental procedure adopted in this study involved the synthesis of geopolymer mortars using volcanic
tuff, blast furnace slag, and an alkaline solution. First, a 10 M sodium hydroxide solution was prepared and
combined with sodium silicate to achieve a silica modulus of 1 (SiO,/Na,O). After allowing the solution to
rest for 24 h, it was mixed with the volcanic tuff and blast furnace slag in the proportions outlined in Table 2.
To refine the scope of this study, preliminary tests were conducted, leading to the selection of BES proportions
within the range of 10%, 20%, and 30%. The water/binder ratio chosen for this study (0.48) was selected to
ensure that mixes composed entirely of volcanic tuff would present acceptable workability, allowing easy casting.
In addition, the sand/binder ratio (S/B) was set at 2. The mortar mixture was then homogenized for 5 min before
being poured into molds measuring 40 x 40 x 160 mm and vibrated for 2 min to ensure uniformity. The samples
were subsequently cured under two thermal conditions: ambient temperature and 80 °C for 48 h. The elevated
curing temperature of 80 °C was chosen to enhance the geopolymerization process by increasing the mobility
of dissolved species, thereby minimizing the need for large quantities of activator a consideration driven by
economic and health concerns. Figure 1 shows the various stages of mortar preparation.
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Testing methods and instruments
Compressive and flexural strengths of geopolymer mortar mixes were assessed at 7 and 28 days in accordance
with EN 196-1 using the average of 3 flexural tests and 4 compressive tests. Figure 2 shows the flexural and
compressive strength test setup. Setting time was measured using the Vicat “VICATRONIC IGM” automatic
tester, in accordance with European standard EN 196-3. Figure 3 shows the setting time test. The slump of
geopolymer mortars was tested using a mini-cone of dimensions D1=7 mm, D2=100 mm, and H=6 mm,
where D1, D2, and H represent the top diameter, bottom diameter, and height of the cone respectively. Figure 4
illustrates the slump test. The flow time of geopolymer mortars was evaluated using a type B maniabilimeter, as
specified in standard NF P18-452. Figure 5 shows the type B maniabilimeter.

Microstructural analysis was carried out on samples selected after the compressive strength tests. These
samples were crushed in a jaw crusher and analyzed by Fourier transform infrared spectroscopy (FTIR) using a
“Bruker” instrument, with a measurement range of 200 to 5000 cm™ L

Result and discussion

Study of fresh geopolymer mortars

Setting time

The setting time of geopolymer pastes comprising VT and VT-BFS mixtures of standardized consistency was
investigated. The data concerning the initial and final setting times are summarized in Table 3. The findings
reveal that pastes composed of 100% VT exhibit significantly prolonged setting times. Specifically, the setting
time for the VT paste exceeds 48 h, which is in line with previous literature!®?. This delayed setting behavior
is attributed to the high degree of crystallinity in VT, which hinders the dissolution kinetics, thus necessitating
thermal treatment to enhance the geopolymerization process, particularly during the initial stages, limiting
the use of these mortars in precast elements. Conversely, the incorporation of BFS into the paste formulations
resulted in a marked reduction of the setting time. The initial setting time of the paste incorporating 10%
BFS was approximately 325 min, significantly shorter than the corresponding value for the 100% VT paste.
A stepwise increase in BFS content, from 10 to 20% and from 10 to 30%, resulted in progressive reductions
in initial setting time by 14% and 33%, respectively. A similar trend was observed in the final setting times,
with reductions of 17% and 34%, consistent with findings reported in the literature?*?%. The improved setting

Fig. 2. Mechanical strength testing devices.
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Fig. 3. Setting time tests.

times observed with BFS compared to VT are primarily attributed to the higher chemical reactivity of BES.
This enhanced reactivity is primarily linked to its elevated CaO content, as calcium oxide (CaO) constitutes the
predominant chemical component of BES. The acceleration of the hydration process in the presence of higher
CaO concentrations has been extensively validated by numerous studies?»?. Lime from BFS readily reacts with
water, sodium hydroxide (NaOH), and sodium silicate (Na,SiO3), promoting rapid geopolymerization reactions.
In contrast, the dissolution of VT occurs exclusively in highly alkaline conditions and at a much slower rate,
resulting in extended reaction times. Furthermore, BFS-based alkali-activated binders have been demonstrated
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Fig. 4. The slump tests.

Fig. 5. The type B maniabilimeter.

VT >48h >48h -
VT- BES10 | 325 435 110
VT-BFS20 | 280 360 80
VT-BEFS30 | 215 285 70

Table 3. Setting times for geopolymer pastes.

Scientific Reports | (2025) 15:13651 | https://doi.org/10.1038/s41598-025-98382-5

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Slump (cm)

to exhibit rapid hardening due to the interaction of Ca®* ions with reactive silica (SiO,) and alumina (Al,Os),
facilitating the swift formation of calcium silicate hydrate (C-S-H) and calcium aluminosilicate hydrate (C-A-
S-H) phases. These phases are critical in accelerating the hardening process, thus reducing the overall setting
time?®. However, the BFS from El-Hadjar displays a moderate reactivity in alkaline environments, notably lower
than reported in general literature?”’->°. This characteristic is likely due to the material’s lower calcium oxide
(33.53%) and aluminate (5.08%) content. This rapid setting is crucial for faster project, emergency repairs and
cold-weather construction, improving efficiency and resilience. Precast production and shotcrete applications
also benefit significantly from the quicker hardening.

Workability

It is worth noting that the workability of geopolymer mortars based on VT is a topic that has not been extensively
explored in the existing literature. For this study. The sand-to-binder ratio (S/B) was fixed at 2, based on previous
findings in geopolymer research indicating that higher S/B ratios (above 2) significantly reduce both workability
and mechanical strength®®3!. With all other parameters held constant, the influence of BFS content on the
workability of geopolymer mortars can be assessed. The effect of BES content, ranging from 0 to 30%, on the
flow time and slump of VT-based geopolymer mortars is depicted in Fig. 6. The results show that the increase
in mortar slump is proportional to the increase in BES content in the mix. Replacing 10% of VT with BFS
significantly improves the slump, with an increase of around 14.54%. When the BFS content increases from
10 to 20% and from 20 to 30%, the slump flow increases by approximately 6,38% and 6,81%, respectively. This
phenomenon could be attributed to the higher specific surface area of VT compared to BFS (4957 cm®/g vs.
3545 cm?/g), which leads to a greater demand for water to maintain consistent workability. Comparable results
were found by Jafari Nadoushan, M>2, who studied the rheological behavior of geopolymer pastes with varying
pumice substitution for BES (0-100%).

On the other hand, dynamic conditions (maniabilimeter flow time) showed a similar trend, but with a
stronger effect. Replacing 10% of VT with BFS dramatically decreased flow time from 48.74 s to 15.42 s. Further
increases in BFS substitution, to 20% and 30%, progressively reduced flow time to 8.37 and 3.86 s, respectively.
This reduction can be attributed to the BFS particles, with their smoother and more spherical morphology,
reduce interparticle friction compared to the angular VT particles (Fig. 7), facilitating easier flow. Additionally,
BFS’s finer particle size distribution fills voids, creating a denser and more lubricated matrix. Furthermore, BFS’s
lower water demand allows for enhanced flow without the detrimental effects of excess water on strength. The

Flow time (sec)

100% VT

10% BFS 20% BFS  30% BFS

Fig. 6. Variation in slump and flow of geopolymer mortars.
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Fig. 7. Micromorphology of raw VT.

higher chemical reactivity of BES also contributes by forming lubricating gels. This combination of factors,
even with a relatively small 10% replacement, significantly alters the rheological properties of the geopolymer
mixture, resulting in a substantial improvement in flowability. The dramatic improvement in flowability with the
addition of BFS translates to significant real-world construction benefits. Easier placement and reduced labor are
immediate advantages, particularly in complex formwork or confined spaces. Enhanced flow allows for better
consolidation, minimizing voids and improving structural integrity.

Study of hardened geopolymer mortars

Mechanical strength

Curing at 80 °C  Figure 8 presents the compressive strength (CS) and flexural strength (FS) results of geopoly-
mer mortars cured at 80 °C after 7 and 28 days. These findings reveal that both CS and FS values for all mixtures
increase slightly over time, indicating that the majority of the mechanical strength is achieved early in the curing
process. The mortar mixture containing 100% VT exhibits the lowest CS values, with 4.05 MPa at 7 days and
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Fig. 8. Compressive and flexural strength of geopolymer mortars hardened at 80 C°.

5.59 MPa at 28 days, and similarly low FS values of 2.15 MPa and 3.09 MPa at the same intervals. These results
can be attributed to the relatively low geopolymeric reactivity of VT, which may require a significantly longer
thermal treatment than 48 h to sustain the geopolymerization process and promote the formation of a larger
quantity of geopolymeric gel. This gel can fully encapsulate the sand particles in the mixture, as shown in a study
by Hamdi et al.*’, which demonstrated that prolonged thermal curing is crucial for maintaining geopolymeriza-
tion, with over 60% of CS and 50% of FS developing between 7 and 28 days in natural pozzolan-based geopoly-
mers. The low mechanical strength could also be linked to the high water-to-binder ratio (0.48), as an excess of
liquid inhibits the diffusion of dissolved species, slowing the polycondensation rate and thus reducing strength3?.

For mortars containing BFS, partial substitution of VT with BFS (ranging from 10 to 30%) significantly
influenced the mechanical performance of the geopolymer mortars at both 7 and 28 days. As seen, the CS values
for mortars with 10%, 20%, and 30% BFS at 7 and 28 days were on average 1.53, 2.38, and 2.77 times higher
than those of mortars containing 100% V'T. Similarly, the FS values for these same mixtures were 1.28, 1.63,
and 1.94 times higher, respectively. This enhancement in mechanical strength can be attributed to two factors.
Firstly, BFS’s higher reactivity compared to VT, due to its elevated calcium oxide (CaO) content, leads to the
formation of hydration products primarily composed of C-S-H and C-A-S-H gels*!. Secondly, the combination
of VT with the alkaline activation solution (NaOH and Na,SiOs) typically results in the formation of an N-A-
S-H type geopolymer gel. However, in binary systems of NP and BFS, as demonstrated by Puligilla et al.%,
and Ismail et al.*, the incorporation of <25% BFS led to the formation of an N-A-S-H geopolymer gel with
calcium incorporation, creating a gel described as (C, N)-A-S-H. The formation of a sodium aluminosilicate
hydrate (N-A-S-H) gel, alongside calcium aluminosilicate hydrate (C-A-S-H) gel, contributes to moderate
improvements in the mechanical properties of the binder. This observation aligns with the findings of Mehsas
et al.’’, who demonstrated the enhanced reactivity of El-Hadjar BFS at elevated temperatures. Their research
revealed that the incorporation of El-Hadjar BFS into metakaolin-based geopolymer pastes, cured at 60 °C,
80 °C, and 100 °C, resulted in significant enhancements in mechanical performance. This increased reactivity at
higher temperatures can be attributed to the accelerated dissolution of BFS phases, promoting the formation of
denser and more interconnected gel networks. Furthermore, considering the local availability of El-Hadjar BFS
these findings underscore the potential for developing high-performance alkali-activated materials utilizing local
resources. This suggests that the synergistic interaction between volcanic tuff and El-Hadjar BFS, particularly
under elevated curing conditions, could lead to the production of durable and sustainable construction materials
suitable for regional applications.

Curing at ambient temperature The results of compressive and flexural strength for geopolymer mortars cured
at ambient temperature at 7 and 28 days are presented in Fig. 9. These findings indicate a notably different behav-
ior compared to mortars cured at 80 °C. Initially, mortars containing 100% VT exhibited relatively low CS and FS
values at 7 days, with measurements of 2.42 MPa and 2.02 MPa, respectively. However, a pronounced increase in
these values was observed at 28 days, where CS and FS reached 11.83 MPa and 9.34 MPa, representing increases
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Fig. 9. Compressive and flexural strength of geopolymer mortars hardened at ambient temperature.

of 388.84% and 362.37%, respectively, over the initial values. This behavior highlights the sluggish kinetics of
geopolymerization in VT at early ages when cured under ambient conditions, with a noticeable acceleration
in reaction rate over time. Such behavior has also been reported by Firdous et al.*® in their investigation of al-
kali-activated natural pozzolans, as well as by Ilker Tekin'®, who observed that Turkish VT-based geopolymer
mortars exhibited optimal early-age compressive strength at 75 °C but achieved peak strength values (46 MPa)
at 90 days under ambient curing conditions. These findings are consistent with the observed setting time results.

Partial substitution of VT by BEFS resulted in improved mechanical performance at 7 days across all studied
geopolymer mortar mixes. The compressive strength of mortars incorporating 10, 20, and 30% BEFS was 2.17,
2.74, and 3.73 times higher than those of the 100% VT mix, respectively. However, at 28 days, the addition
of 10% BFS led to a significant reduction in CS of 45.7%. Increasing the BFS content from 10 to 20% and
from 20 to 30% improved CS values by 6.8% and 54%, respectively. Despite these improvements, the CS of
these mixes remained below that of the 100% VT mortar (11.83 MPa). Similar trends were observed in FS
values, exhibiting a comparable pattern. We hypothesized that the observed reduction in compressive strength
under ambient curing conditions could be attributed to a decrease in compatibility between VT and BFS over
time. The slower reaction kinetics at ambient temperatures likely resulted in a less homogeneous geopolymer
matrix, particularly with increasing BFS content. Furthermore, unreacted BFS particles at 28 days may have
acted as stress concentrators, contributing to the strength reduction. The semi-crystalline nature of VT, leading
to slower geopolymerization and limited early-stage N-A-S-H gel formation, likely played a significant role.
While the partial incorporation of BFS (<25%) initially accelerated polycondensation, it may have ultimately
hindered continuous geopolymerization of VT. The lack of sufficient heat energy in ambient curing likely
slowed BFS dissolution and reaction, resulting in a less dense and robust geopolymer structure. This behavior
can be explained by the inherent incompatibility between VT and BFS under ambient conditions. The slow
geopolymerization of VT, combined with the accelerated polycondensation induced by BFS, likely resulted in a
substantial portion of unreacted VT acting as inert fillers, thus lowering mechanical properties. Moreover, the
low alumina oxide content (5.08%) of El-Hadjar BFS may have exacerbated these effects. An increased Si/Al
mass ratio, as introduced by BFS, likely promoted the formation of a Si-rich, amorphous gel, leading to reduced
mechanical strength, consistent with findings by Allahverdi et al.*°. This aligns with studies demonstrating a
negative correlation between the Si/Al ratio and geopolymer binder strength’.

Water absorption

The water absorption percentages of geopolymer mortars cured at 80 °C and room temperature after a 28-day
curing period are shown in Fig. 10. Water absorption rates for mortars cured at 80 °C range from 12.18 to 9.98%.
In particular, the mortar composed entirely of VT has the highest water absorption rate, at 12.18%. The observed
high water absorption is directly attributable to the inherent microstructure of the mix, which is characterized
by substantial void space and porosity. This porous structure arises from incomplete geopolymerization, leading
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Fig. 10. Water absorption of geopolymer mortars.

to an inadequate formation of the N-A-S-H gel, the primary binding phase. Consequently, the lack of a dense,
well-connected gel matrix allows for increased water ingress and retention within the material’s internal voids.

The influence of blast furnace slag (BFS) on water absorption in volcanic tuff (VT) based geopolymers
exhibits a distinct temperature-dependent trend. When cured at 80 °C, increasing BFS content demonstrably
reduces water absorption. Specifically, absorption rates decrease by 10.26%, 13.22%, and 18.06% with 10%,
20%, and 30% BFS additions, respectively. This reduction is attributed to the progressive formation of calcium-
aluminum-silicate-hydrate (C-A-S-H) gel, which possesses a higher water-binding capacity compared to the
sodium-aluminum-silicate-hydrate (N-A-S-H) gel predominantly derived from VT%. Consequently, the
decreased water absorption reflects a reduction in matrix porosity, aligning with the enhanced compressive (CS)
and flexural strengths (FS) observed.

However, ambient curing conditions reveal a contrasting behavior. The 100% VT mixture exhibits the lowest
water absorption (8.37%), significantly lower than BFS-modified mortars. This is likely due to the formation of a
denser N-A-S-H gel network during prolonged ambient geopolymerization, resulting in reduced porosity, which
is also supported by the mechanical strength results. Conversely, increasing BFS content at ambient temperature
leads to a substantial increase in water absorption, with increments of 29.5%, 38.1%, and 32.6% for 10%, 20%,
and 30% BFS, respectively. This phenomenon suggests that under ambient conditions, BFS may disrupt the
optimal geopolymerization kinetics. It is postulated that BFS particles rapidly consume available hydroxide ions
(OH"), essential for VT dissolution, hindering the release of silica and alumina species necessary for N-A-S-H
formation. This leads to incomplete geopolymerization, resulting in a more porous matrix with higher void
content and increased water absorption.

The observed water absorption trends consistently correlate with the mechanical performance data,
underscoring the critical relationship between matrix porosity, the nature of hydration products (C-A-S-H vs.
N-A-S-H), and the overall performance of these geopolymer mortars. The curing temperature significantly
influences the dominant reaction pathway, with elevated temperatures favoring C-A-S-H formation and porosity
reduction, while ambient curing can lead to disruptive BES interactions.
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Fig. 11. FTIR spectra of VT, BFS, and selected geopolymer mortar samples.

Microstructural study of geopolymer mortars

Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of VT powder, BFS, and selected geopolymer mortar mixtures (100% VT and 30% BES)
cured at ambient temperature and at 80 °C are illustrated in Fig. 11. The BFS composition primarily consists
of amorphous, highly reactive calcium and aluminosilicate components. VT powder, on the other hand, is
characterized by chemically stable aluminosilicate minerals. A prominent observation from these results is the
emergence of a band at 875 cm™! across all geopolymer mortar mixtures, with varying intensities. This band is
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indicative of less polymerized products and corresponds to the vibration of Si-OH groups, signifying a degree of
unreacted material within the mixtures*.

All FTIR spectra of geopolymer mortars show an absorption band at 2328 cm™!, associated with the O-H
stretching vibration. This feature is attributed to chemically bound water, indicating the presence of an N-A-S-H
gel in the mortar®®. Except the 100% VT mix cured at 80 °C, indicating extremely limited geopolymerization.
This limitation can be attributed to the premature evaporation of water before the completion of the dissolution
stage, which requires a prolonged curing time for optimum reaction. This results in less polymerized products,
as shown by the highest intensity of the band at 875 cm-1 in this mixture.

Conversely, the FTIR spectrum of the same 100% VT mixture cured at ambient temperature displays notable
changes. Specifically, the band at 709 cm~!, corresponding to the bending vibration of Si-O-Si, disappears, and
the intensity of the band around 997 cm™!, associated with the symmetrical stretching vibration of Si-O-T
(where T represents Si or Al), diminishes. These alterations indicate a significant dissolution of these bonds,
leading to an enhanced polycondensation of a larger quantity of geopolymer gel. This is further evidenced by
the decrease in intensity of the band at 875 cm™! and the emergence of the geopolymer gel band at 2328 cm™!.
These observations align closely with the mechanical strength results, confirming the correlation between
the degree of geopolymerization. The FTIR spectrum of the 30% BFS blended mortar (VT-BFS30) cured at
ambient temperature exhibited a pattern notably similar to that of the 100% VT mixtures cured under identical
conditions. This similarity corroborated the relatively close compressive strengths observed for these mixtures,
measuring 9.89 MPa and 11.83 MPa, respectively, indicating that at ambient temperature the BFS at 30% did
not significantly alter the primary geopolymerization products. However, the FTIR spectrum of the VT-BFS30
mixture cured at 80 °C revealed significant changes, including the disappearance of bands located at 532 and
752 cm™!. These changes indicated the complete dissolution of the corresponding bonds, suggesting a more
thorough reaction and structural transformation under elevated curing. Furthermore, the decrease in intensity
and a shift of the primary band at 997 cm™"! to a lower wavenumber of 972 cm™! suggested substantial structural
reorganization within the mixture, indicating a higher degree of polymerization and formation of a denser N-A-
S-H gel***>. The primary explanation for these observations lies in the higher energy content of silicon compared
to aluminum, which leads to a decrease in intensity and a shift of the band associated with the asymmetric
stretching vibration of Si-O-Si/Al as the number of aluminum atoms in the final product increases*. This shift
serves as an indicator of the degree of polymerization of the geopolymers. These findings are also consistent
with the optimal compressive strength observed for this mixture, recorded at 15.03 MPa. Furthermore, the band
observed between 1401 cm™! and 1430 cm™! corresponds to the O-C-O stretching vibration, which is formed
due to atmospheric carbonation of unreacted Na* ions during the geopolymerization process*’+*8. We correlated
these findings with the observed higher compressive strengths at 80 °C, demonstrating that the enhanced
polymerization and structural reorganization directly contributed to improved mechanical performance. We
further discussed how these changes in Si-O-Al bonds and the degree of polymerization could influence the
durability of the mortars, suggesting that the denser, more polymerized structure at 80 °C would likely result
in reduced permeability and improved resistance to aggressive environmental conditions. By expanding on
the FTIR results and connecting them to mechanical performance and durability, we aimed to provide a more
comprehensive understanding of the microstructural changes occurring in our geopolymer mortars.

Conclusion

This study investigates the effects of incorporating BFS on the properties of volcanic tuff-based geopolymers,
specifically regarding setting time, compressive and flexural strength, workability, water absorption, and
microstructure. The findings from this study lead to the following conclusions:

« Volcanic tuff geopolymer pastes demonstrate prolonged setting times due to their limited early-age geopoly-
meric reactivity. However, the replacement of even small percentages of volcanic tuff with Blast Furnace Slag
(BFS) notably reduces the setting time.

« Partial replacement of volcanic tuff with Blast Furnace Slag (BFS) significantly enhances the workability
(slump and flow time) of geopolymer mortars. This improvement is attributed to reduced water demand and
decreased interparticle friction.

« Mortars made entirely of volcanic tuff (VT) exhibit a slow geopolymerization reaction under ambient curing
due to their semi-crystalline nature. Adding up to 30% blast furnace slag (BFS) significantly accelerates ear-
ly-age reactivity, achieving maximum strength at 7 days. However, the extended geopolymerization of 100%
VT mortars results in higher 28-day strength.

o Increasing the curing temperature to 80 °C for 48 h slightly enhances the mechanical strength of the 100%
VT mixture at 7 days, while inhibiting the development of strength beyond this period. Additionally, raising
the BFS content in the mixture significantly improves mechanical properties at both 7 and 28 days, attributed
to the incorporation of calcium into the formed N-A-S-H gel and/or the further formation of C-S-H or C-A-
S-H gels.

« The prolonged geopolymerization process in mortars composed solely of volcanic tuff yielded the lowest
water absorption, likely due to increased geopolymer gel formation.

« The microstructural analysis consistently validated the observed mechanical strength and setting time trends,
providing direct evidence of the mechanisms driving the performance of volcanic tuff-BFS geopolymer pastes.

The results of experimental investigations demonstrate the viability of incorporating blast furnace slag (BFS)
into volcanic tuff-based geopolymers, yielding materials suitable for sustainable construction, notably earth
block and plastering applications. Critically, these findings confirm the potential to consistently meet or surpass
the Algerian standard NA 5020’s strength requirements (5 MPa compressive, 2 MPa flexural), ensuring robust
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performance in residential and commercial projects. This achievement, coupled with the circular economy
benefits of BFS utilization through industrial waste repurposing, significantly reduces the environmental impact
of construction materials within our region, where volcanic tuff and industrial byproducts are abundant.
Future research should comprehensively explore several key areas. Firstly, a broader investigation of curing
conditions is necessary, encompassing wider temperature and duration ranges, including extended ambient
curing, alongside an analysis of varying humidity levels. Secondly, optimizing blast furnace slag (BFS) content
to achieve maximum mechanical performance while minimizing water absorption is crucial. hirdly, non-
destructive testing and long-term performance studies are recommended to evaluate durability under a range of
environmental conditions. Fourthly, exploring alternative alkaline activators to enhance the geopolymerization
process warrants attention. Fifthly, detailed microstructural analysis using advanced techniques like scanning
electron microscopy (SEM) and X-ray diffraction (XRD) would provide valuable insights. Sixthly, performing
life cycle assessments (LCA) is essential for evaluating environmental impact and sustainability. Finally,
implementing pilot projects and field tests will validate laboratory findings in real-world construction scenarios.

Data availability

Data associated with the study will be available upon request from the corresponding authors.
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