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As is well established, slag precursor offers promising performance characteristics; however, its 
origin as an industrial byproduct leads to variability in both mineralogical and chemical composition. 
Furthermore, the global availability of slag is limited compared to that of Portland cement (PC), 
raising concerns about long-term supply stability. To address these issues, this study investigates 
the incorporation of natural materials—specifically Egyptian natural basalt powder (BP)—as a partial 
replacement for slag. The research explores BP as a supplementary component in alkali-activated 
slag (AAS) systems. Blends containing 2.5 wt% to 40 wt% BP were prepared, and both pure slag and 
slag/BP mixtures were subjected to alkali activation to produce BP-modified AAS cement. The study 
aimed to assess the impact of varying BP ratios on flow characteristics, setting time, compressive 
strength, resistance to simulated real-world environmental conditions, and transport properties of 
the produced cement cured in air and water. In addition, the impact of varying BP ratios on drying 
shrinkage was monitored. This study also involved interpreting the key results through the use of a 
variety of contemporary scientific tools. Notwithstanding, BP might have slightly hindered the mixture 
flowability (up to 10.9% reduction) and prolonged setting time (1.23-fold for initial and 1.28-fold for 
final setting), the results demonstrated that including 2.5–20% BP improved the overall properties 
of the cement. An optimal ratio of 20% yielded the highest compressive strength, with an increase of 
up to 17.65% at 90 days under water curing, the lowest transport properties, with a decrease of 20%, 
and the lowest strength loss (3.63%) due to environmental conditions exposure under water curing, 
alongside reduced drying shrinkage. However, including 30% BP showed only a marginal effect, whilst 
including 40% BP showed a detrimental effect. Additionally, water curing proved superior to air curing, 
exhibiting higher strength, lower transport properties, and mitigating microcrack formation, thereby 
enhancing durability against wetting-drying cycles.
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The Portland cement (PC) industry is a major driver of climate change, of which producing one tonne of cement 
generates 810 kg CO2, a major greenhouse gas, as well as 2 kg NOx, a contributor to smog, and 1 kg SO2, a 
source to acid rain. Currently, this industry accounts for roughly 7% of the overall emissions1. Without any 
alteration, by 2025, this proportion could exceed 25%2. Although CO2 effectively transmits sunlight, it traps 
infrared radiation, preventing its escape from Earth. This occurrence is called the “Greenhouse Effect”, which is 
crucial for maintaining Earth’s warmth, but also contributes to global warming due to increased heat-trapping3. 
This changing climate poses a serious threat to human health, with consequences for the cardiovascular and 
respiratory systems. This could manifest as declining lung function, compromised cardiovascular health, 
increased incidence of chronic obstructive pulmonary disease-related hospitalization and mortality, and heart 
disease4. Melting ice caps, increasing sea levels, and escalating temperatures are just some of the harmful 
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influences of surplus CO2 emissions on the environment, highlighting the urgent need for action to address this 
occurrence5. This industry relies heavily on energy; roughly 4 to 5 GJ/tonne of energy is consumed6. It relies 
heavily on virgin materials, which can lead to resource depletion. Additionally, this industry is criticized for 
contributing to elevated noise pollution from the extraction phase to the delivery of the final product7. Several 
measures have been put in place to alleviate these issues, aiming for a reduction of 80–90% by the year 2050, 
with 1990 as the reference point8. One way to meet these goals is by mixing cement with fly ash (FA)9, pumice10, 
metakaolin (MK)11,12, slag13, and others. Another effective way is to employ alkali-activated materials (AAMs).

Because of their clear advantages in terms of performance, economy, and the environment over PC, AAMs 
present an auspicious substitute. The alkali activation mechanism is a multifaceted polycondensation process 
initiated by a highly alkaline solution. It generally proceeds through three stages: (1) Dissolution, where the 
glassy matrix of precursors such as slag is depolymerized under high pH, breaking Si–O–Si, Si–O–Al, and 
Al–O–Al bonds and releasing silicate and aluminate species, along with cations like Ca²⁺; (2) Reorganization 
and polycondensation of these species into a reactive sol-gel; and (3) Hardening, during which the gel network 
evolves into an amorphous or semi-crystalline three-dimensional structure. In calcium-rich systems like alkali-
activated slag, the dominant binding phase formed is C–S–H gel14. The incorporation of a silica-rich material 
such as basalt powder promotes the formation of a secondary, low-calcium N-A-S-H geopolymer gel15. This 
results in the coexistence of multiple gel phases, potentially enhancing the synergistic interactions within the 
binder matrix16–19. AAMs harness a range of industrial by-products like FA20, mining leftovers21, and slag22,23, 
contrary to PC, which is primarily dependent on the calcination of limestone. By repurposing these materials 
into valuable construction products, AAMs not only reduce carbon emissions but also alleviate waste disposal 
concerns24,25. Moreover, AAMs boast exceptional durability, exceeding PC performance26. Adopting concrete 
made of AAMs has the potential to limit industrial waste by about 12.2 Mt annually27. FA20, slag22, and MK28 
are the most prevalent materials for precursors. Of these precursors, slag stands out as the most preferred due 
to its advantageous calcium ratio, which contributes to efficient curing conditions, as well as its optimal alumina 
to silica ratio. Specifically, ground granulated blast furnace slag (GGBFS) was deliberately selected for this study 
over other slag types, such as electric arc furnace (EAF) slag, due to its high amorphous phase content, superior 
reactivity, and consistent chemical profile. These characteristics ensure a stable and reliable foundation for 
investigating the impact of basalt powder. By contrast, the chemical variability and the presence of free lime 
and magnesia in EAF slag pose a risk of volumetric instability, potentially compromising result consistency29–31. 
Since the identification of slag-based binder materials in 1908, their development has rapidly advanced32. Kuhl 
initiated studies in 1930 on the activation of slag powder with caustic potash, marking the introduction of alkali 
cement. In 1937, Chassevent explored the reactivity of slag powder with soda and potash, further expanding 
knowledge in this area. By 1940, laboratory research on clinker-free cement made from slag activated by caustic 
alkalis or soda established a foundation for utilizing alkaline salts and bases in cement production. Then, in 1957, 
Glukhovsky introduced a new class of binders derived from calcium-free or low-basic calcium aluminosilicates 
activated with alkali metals. Since that time, alkali-activated materials, commonly referred to as geopolymers, 
have gained widespread attention as the construction industry increasingly seeks innovative materials with lower 
environmental impact. This binder has evolved and improved swiftly, continuously adapting to meet modern 
engineering demands and sustainability goals33. Scholars have explored a variety of techniques to enhance the 
activated slag efficiency. One such method involves slag grinding to a finer texture, which improves its capacity 
to establish robust binders. Alternative techniques include fibers34–36, or even micrometer-sized particles37, 
or nanometer-sized particles38 into the composition. The utilization of mineral admixtures continues to be 
widely adopted, as they provide several options that are readily accessible. They can be arranged into foremost 
groups: natural materials like Ca(OH)2

39, pumice10, MK40, CaCO3
41, feldspar42, CaO43, volcanic glass44, etc.; and 

byproducts like silica fume (SF)33, waste of marble45, and ceramic46.
While slag exhibits promising properties as a precursor, its original use as a byproduct of the CO2-producing 

industry results in inconstant mineralogical and chemical compositions. This issue poses a challenge in 
standardizing an alkali activation method for its market entry. The annual global production of slag (400–
500 Mt) is limited compared to PC (4.1  billion Mt)47. Furthermore, the global demand for slag by 2030 is 
significantly smaller than that of PC48. Blending slag with natural materials can improve the properties of the 
resulting composite, offering a solution to these concerns. Regarding this situation, Rashad et al.44 and Wang 
et al.49 recognized improved compressive strength of AAS pastes by introducing 10% volcanic glass. The use 
of up to 70% volcanic glass as a partial substitution for slag in AAS mortars can mitigate alkali-silica reaction 
expansion49. Substituting slag with 70% volcanic ash enhanced the AAS binders’ compressive strength, making 
them more operative for soil stabilization50. The incorporation of 10% feldspar into concrete made from AAS 
increased splitting strength, abrasion resistance, and compressive strength42. It was proposed that including 15% 
limestone powder in AAS matrices increased abrasion resistance, aging resistance, and compressive strength51 
but decreased drying shrinkage52. Substituting slag with natural pozzolan led to 25% improvement in 90-day 
compressive strength53. The use of up to 30% natural quartz powder as a partial substitution of slag in AAS pastes 
increased the resistance to thermal cycles54 and compressive strength55. Substituting slag with 10% calcined talc 
can decrease the porosity of AAS pastes56.

Basalt is a ubiquitous rock, found in the Earth’s crust. It occupies about 70% of the crust of the Earth. SiO2 
constitutes the primary component, succeeded by Al2O3, in addition to Fe2O3, CaO, FeO, and MgO. According 
to its silica ratio, basalt is categorized as mildly acidic, alkaline, and acidic when the silica ratio is 43–46%, up to 
42%, and over 46%, respectively57. Its crystalline structure changes depending on the particular circumstances 
surrounding the flow of lava at each site. It typically appears in shades of gray to black, but it quickly alters to rust-
red or brown, affected by oxidants. It has a long history of use in casting techniques, particularly for creating slabs 
and tiles. Beyond this, cast basalt liners for steel pipes demonstrate exceptional abrasion resistance, making them 
well-suited for demanding industrial settings58. It can be utilized as fibers59–62, an aggregate63, or a cementitious 
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matrix for conventional PC64,65. Owing to its high level of silica and appropriate level of alumina, basalt powder 
can now be utilized as an AAM precursor or as a precursor component. It was verified that curing conditions 
have a weighty effect on the geopolymer paste made of BP66. Similarly, it was found that the NaOH molarities and 
curing conditions have a considerable effect on geopolymer pastes made of BP combined with glass powder67. It 
was reported that geopolymer pastes made of BP exhibited lower compressive strength than those made of 100% 
slag68. The results reported in69 revealed that the flowability and mechanical strength of geopolymer pastes made 
of 50% BP/50% slag were affected by activator concentration/type. The compressive strength of AAS mortars 
and those with 20% waste BP sharply declined after exposure to high temperatures up to 900 ℃70. Including 
BP up to 20% into FA geopolymer pastes reduced transport properties but enhanced compressive strength63. 
This investigation builds upon the authors’ previous work while exploring a fundamentally different material 
synergy. Our prior research successfully demonstrated the potential of Egyptian volcanic glass powder on AAS 
cement44, establishing the viability of using natural pozzolans in this high-calcium system. Separately, we have 
also confirmed the effectiveness of BP for improving the properties of low-calcium, FA-based geopolymer 
cement15. The present study marks a critical and novel advancement by bridging these two areas of research: for 
the first time, we investigate the interaction between BP and a high-calcium alkali-activated slag system. This is 
a significant scientific distinction, as the reaction chemistry and performance mechanisms are entirely different. 
In the FA system, the binder is a N-A-S-H gel, whereas the slag system is dominated by the formation of C-S-H 
gel. Therefore, the unique contribution of this work is the first comprehensive evaluation of basalt powder’s 
role as a fortifier specifically for AAS cement, elucidating its performance within a co-existing C-S-H/N-A-S-H 
hybrid binder matrix, a topic not addressed in our previous publications.

Despite the potential of basalt, studies on its use in AAS cement remain scarce. Most existing research 
focuses on geopolymer systems based solely on BP or in combination with FA, leaving a significant gap in 
understanding its synergistic effects as a partial substitute for slag. This study aims to fill this gap by conducting 
the first comprehensive investigation into the use of Egyptian BP as a fortifier in AAS cement, aiming to improve 
its performance and sustainability. The findings are expected to provide valuable insights into the development 
of more sustainable construction materials. Despite the limited studies in this area, Egypt boasts an abundance 
of basalt deposits across regions such as the west of the Red Sea Hills71,72, the Eastern Desert73, Cairo (near the 
Giza Pyramids)74, and various volcanic terrains across the nation75. Ground basalt, when processed into fine 
basalt powder, exhibits remarkable pozzolanic properties, making it an innovative component for sustainable 
construction materials. Integrating BP into AAS cement presents significant environmental and economic 
benefits. Locally sourcing BP reduces reliance on imports, thereby cutting down costs and minimizing the carbon 
footprint associated with cement production. This approach aligns seamlessly with Egypt’s national objectives for 
sustainable construction, resource efficiency, and industrial carbon emission reduction. Furthermore, leveraging 
BP fosters the development of durable, eco-friendly, and high-performance AAS cement-based materials. This 
not only enhances the technical attributes of alkali-activated cements but also contributes to global advancements 
in material innovation. Inspired by Egypt’s commitment to sustainability and driven by the availability of BP 
and waste slag, this research delves into the potential of integrating BP into AAS cement. The aim is to unlock 
new opportunities for Egypt’s construction sector while advancing global sustainable construction practices. 
To investigate this, slag was systematically substituted with BP at incremental levels ranging from 2.5 to 40%. 
Experimental specimens underwent two distinct curing methods: air curing and immersion in water at ambient 
temperature. A comprehensive evaluation was performed to measure key parameters including flow rate, 
setting time, environmental resistance, compressive strength, drying shrinkage, and transport properties. The 
experimental findings were meticulously analyzed using advanced scientific tools to ensure reliable conclusions.

Experimental details
Materials
The same supplier mentioned in76 supplied the slag. The Egyptian natural basalt in powder form, used in this 
study, was supplied by a local cement factory. Both slag and BP have approximately the same specific gravity 
of 2.9. The average slag particle size was 37.183 μm (Fig. 1a), whilst it was 22.01 μm for BP (Fig. 1b). Table 1 
demonstrates the chemical composition of each type of powder. Clearly, slag is a rich material of calcium, 
which has a positive influence on its curing. Evidently, whilst BP and slag share a similar alumina content, they 
differ in their silica and calcium. BP has higher silica content than slag, but a lower calcium content. Figure 2 
demonstrates the XRD patterns of slag (Fig. 2a) and BP (Fig. 2b). The broad hump detected between 25o to 
35o 2θ in Fig. 1a verified that the slag analyzed in this study is primarily amorphous44. The BP pattern reveals 
the crystalline phases of plagioclase (anorthite/albite), diopside, labradorite, and augite (Fig. 2a)63,77. Figure 3 
demonstrates the overview of each type of powder. Figure  4 demonstrates the SEM images of each type of 
powder. The slag particles possess a jagged, irregular, and angular shape (Fig. 4a), whilst BP particles possess a 
granular texture with angular to subrounded shapes (Fig. 4b). NaOH and sodium silicate, obtained locally, meet 
the specifications in44.

Mix proportion
The control mixture, coded 0B, comprised solely slag, with no BP added. The slag’s weight was progressively 
replaced at six different ratios. These ratios were 2.5% (2.5B), 5% (5B), 10% (10B), 20% (20B), 30% (30B), and 
40% (40B). A constant activator concentration (30%) was employed throughout the experiment to focus on 
the effect of varying BP ratios on AAS cement properties. The activator solution was comprised of 1: 2 parts of 
NaOH and sodium silicate45. A 10 M solution of NaOH was created, and this preparation proceeded at least one 
day before casting. To ensure consistent mixing conditions, supplementary water/powder(s) was established at 
a ratio of 10% for all mixtures. Mixture details are in Table 2. The mixing and casting processes adhered to the 
procedures mentioned in17. In short, slag and BP materials were pre-mixed for 4 min. The activator solution was 
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Material

Oxide (%)

SiO2 CaO Fe2O3 Al2O3 MgO SO3 Na2O P2O5 Cl− K2O SrO Other L.O.I.

Slag (%) 31.45 39.44 1.45 15.64 6.08 1.83 1.81 0.03 0.16 0.91 0.14 0.56 0.5

BP (%) 50.38 7.2 14.3 15.41 4.31 0.12 2.54 0.57 0.02 1.2 0.09 2.84 1.02

Table 1.  Chemical composition of slag and BP.

 

Fig. 1.  Particle size distribution of slag (a), and BP (b).
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Fig. 3.  Overview of slag (a), and BP (b).

 

Fig. 2.  XRD patterns of slag (a), and BP (b).
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then incorporated and mixed with either slag alone or the slag-BP mixture for a duration of 5 min. The mixer 
was subsequently halted to collect and reintegrate any residual powder adhering to the bowl or paddle. After 
completing the 5 min mixing phase, the resulting mixture was cast into molds, and the molds were vibrated for 
1 min to ensure air bubble removal.

Testing methods
Shortly after mixing, the fresh paste’s physical behavior was evaluated. Flowability was determined with a flow table 
test in line with ASTM C230/C230M-23. Initial and final setting times were obtained using the Vicat apparatus, 
applying the standard procedure from ASTM C191-08. After demolding, half of the 25 mm cube specimens were 
air-cured, while the remaining half were immersed in water at room temperature. After curing, compressive 
strength assessments were performed on 25 mm cube samples at 7, 28, and 56 days of curing using a universal 
testing machine, in compliance with ASTM C109/C109M. The values reported reflect the mean of four measured 
specimens. To investigate the effect of environmental conditions on the performance of various specimens, after 
28 days, the specimens were subjected to 40 wetting/drying cycles. Every cycle included soaking the specimens 
in water for a day at 20 ℃, then drying them in the air lab for another day. This approach was utilized to mimic 
the alternating conditions of rainy days and cloudy days17,44,78,79. To evaluate transport properties, hardened 
paste samples were tested at 28 days per ASTM C642-21, which involves weighing specimens in saturated, oven-
dried, and suspended states. Drying shrinkage of 25 × 25 × 285 mm prism specimens, cured under controlled 
conditions of 23 ± 2 ℃ with 50 ± 4% RH80, was measured immediately after demolding and throughout 56 56-
day period using a length comparator with 0.001 mm accuracy, following ASTM C157/C157M standards and 
similar to80–83. Consistent with the approach reported in46, the selected samples taken from the debris were 
tested by XRD, TGA/DTG, and SEM. Figure 5 demonstrates a visual representation of the experimental work.

Data presentation and analysis
This study was designed as an exploratory investigation to identify significant performance trends across a wide 
range of compositions. Therefore, the analysis focuses on the magnitude and consistency of the observed effects, 
which are presented as the mean and standard deviation of four replicates.

Results and discussions
Flowability
Figure  6 demonstrates how varying BP ratios influence the mixture flowability. According to preliminary 
findings, the 0B mixture, lacking BP, exhibits 94 ± 5% flow. This flow is considerably the highest among all tested 
mixtures. 0B’s flowability seems to be within a tolerable range, exceeding those described in17,84–87, but remaining 

ID Slag BP NaOH Sodium silicate Extra water

0B 400 0

40 80 40

2.5B 390 10

5B 380 20

10B 360 40

20B 320 80

30B 280 120

40B 240 160

Table 2.  Mixture details (kg/m3).

 

Fig. 4.  SEM images of slag (a), and BP (b).
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Fig. 5.  A visual representation of the experimental work. Note: 1,2, weighting precursors, activator, and 
extra water; 3,4, mixing; 5, measuring flowability; 6, measuring setting time; 7,8, curing in air and water; 9, 
measuring compressive strength; 10, measuring drying shrinkage.
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lower than those described in44,68,88–91. The measured flow of 0B falls within the range mentioned in past studies. 
Correspondingly, substituting a portion of slag with BP results in a slight decrease in flowability. This relationship 
is clear as the BP ratio rises, leading to less flowability. When the BP ratio was 2.5% (2.5 B), a marginal decrease 
in the flow was obtained (0.54%). However, when the ratio was 40% (40B), a somewhat obvious decrease in 
the flow was obtained (10.9%). The crushed particle’s angular shape, coupled with the BP’s higher fineness, 
contributes to the decreased flowability. This is a well-understood phenomenon in particle rheology; the finer BP 
particles possess a significantly higher specific surface area compared to slag, which increases the water demand 
required to wet the particle surfaces. This reduces the amount of ‘free’ water available to lubricate the paste, 
thereby increasing its viscosity and reducing flow92. Furthermore, the angular particle morphology increases 
inter-particle friction and mechanical interlocking, which further hinders the paste’s ability to deform and flow 
under its own weight. It is important to indicate that introducing BP into conventional PC mixtures negatively 
influenced the workability93.

Setting time
Figure 7 demonstrates how variable BP ratios affect the setting time. Preliminary findings suggest that the 0B 
mixture, devoid of BP, sets most rapidly among the tested mixtures. The 0B mixture has an initial setting of 88 
min and a final setting of 188 min. Compared to the setting times documented in17,91,94,95, these setting times 
are longer. However, they are shorter than those found in44,87,96. This implies that the measured setting times fall 
somewhere in the middle of those that have been previously measured. The setting time is directly influenced 
by the BP ratio. The overall results indicate that an increased BP ratio is associated with a longer setting time. 
The rate of prolonging seems to be marginal when 2.5–10% BP was used. However, the prolonging rate increases 
when 20–40% BP was used. For instance, the average increase in setting times with including 10% BP (10B) 
was 6.8%, whilst it was 26.3% with including 40% BP (40B). Calcium-rich slag chemical dilution is linked to 
the prolonged setting time when silica-rich BP was incorporated. The dilution causes a decrease in calcium 
amount, which is essential for the setting procedure90. The SiO2/Al2O3 ratio increased with adding BP. Studies 
have shown that a higher SiO2/Al2O3 ratio correlated with prolonged setting time97. However, the magnitude 
of this increase is moderated by a competing physical mechanism. The finer BP particles provide a high surface 
area, acting as numerous heterogeneous nucleation sites for the precipitating hydration products. This ‘filler 
effect’ facilitates the formation of a solid network structure, partially counteracting the chemical retardation. 
The observed setting time is therefore the net outcome of these two effects, explaining the moderate, rather 
than dramatic, prolongation even at high BP levels. It is important to mention that some studies have shown 
that replacing part of slag with alumina and silica-rich materials98, or just silica99, prolonged setting time. It is 
valuable to state that Venyite et al.100 found a longer setting time of geopolymer pastes made of calcined laterites/
MK/BP with an increase in BP amount. In conventional cement, Laibao et al.101 found a longer setting time of 
cement pastes with increasing PB amount.

Compressive strength
Figure 8 demonstrates the progression of compressive strength for both plain AAS pastes and those comprising 
variable BP ratios treated in air. Both curing time and BP ratio exhibit a pattern in compressive strength, with 
longer curing times consistently leading to higher strength. The 0B specimens demonstrate satisfactory strength, 
reaching 77.81 MPa at 28 days. This result falls below those declared in102,103, whilst surpassing those declared 
in84,86,89. Overall, the 0B compressive strength is consistent with earlier studies. Including 2.5% BP (2.5B) and 5% 
PB (5B) in the specimens exerts a slight beneficial influence on the compressive strength, revealing an average 

Fig. 6.  Flowability changes with varying BP ratios.
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improvement of 4.26% and 6.6%, respectively. With 10% BP (10B) leads to an additional increase in strength, 
averaging ~ 9%. The maximum strength was obtained when 20% BP (20B) was included, averaging 12.1%. 
Including BP up to 20% not only improves AAS cement compressive strength but also enhances FA geopolymer 
cement compressive strength63. There are multiple reasons for improving strength with incorporating up to 
20% BP. The BP fine particles, which can operate as microaggregates, is one likely contributing factor. The 
microaggregates can function as nucleation sites within slag particles. This process helps to refine microstructure 
and reduce porosity (see Sect. Microstructure analysis later), and ultimately enhances the strength104. Another 
reason is the increased SiO2/Al2O3 ratio. This ratio rises from 4.05 for 0B to 4.47 for 20B. It is widely recognized 
that a higher SiO2/Al2O3 ratio, up to a certain point, favors the polysialatesiloxo and polysialatedisiloxo structures 
formation over polysialate structures105. This suggests that keeping an optimum SiO2/Al2O3 is necessary for 
creating strong geopolymeric materials. Ratios exceeding or falling short of this ideal ratio can lead to a less 
stable polymerized network, compromising the material’s strength106. An additional contributing factor is the 
formation of N-A-S-H gel resulting from the inclusion of BP, which can coexist with the C-S-H gel produced 
by slag.

Contrarily, the incorporation of BP at levels higher than 20% adversely affects the strength. For instance, 
using 30% BP (30B) results in an average strength decrease of 9.37% compared to 20B, but still marginally 

Fig. 8.  Compressive strength changes with varying BP ratios for air cured specimens.

 

Fig. 7.  Setting time changes with varying BP ratios.
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higher than 0B. The most substantial decline in strength, at 22.54% compared to 20B and 13.18% compared to 
0B, occurs when the highest amount of BP (40B) was used. This reduction is a direct consequence of the ‘dilution 
effect,’ a principle consistently observed when a highly reactive precursor like slag is replaced by a less-reactive, 
silica-rich material. This effect has been documented in alkali-activated slag systems blended with volcanic 
glass44, feldspar104, and even basalt powder itself68. At high replacement levels, the significant reduction in the 
primary binder (slag) leads to an insufficient volume of reactive calcium to form a continuous, dense C-S-H gel 
matrix. While the basalt powder contributes to a secondary N-A-S-H gel, its reaction kinetics are slower and its 
volumetric contribution is insufficient to fully compensate for the loss of the primary, fast-reacting, strength-
giving phase from the slag, resulting in a more porous and weaker composite. Furthermore, using SiO2/Al2O3 
ratios higher than the ideal can hinder gel formation and stability. As a result, there are more nonreacted particles 
present, the microstructure becomes porous, and the strength eventually reduces107. Likewise, the strength of 
AAS mortars108, concretes104, and pastes109 improves when slag was combined with a highly silica-rich material 
up to a particular ratio. However, if the silica ratio surpasses the ideal, the strength decreases.

Figure 9 demonstrates the progression of compressive strength for both neat AAS pastes and those comprising 
different BP ratios cured in water. The overall pattern of the findings presented in Fig. 9 is generally comparable 
to those displayed in Fig. 8, although with an increased level of compressive strength. The optimal BP ratio (i.e., 
20%) shows a 17% increase in the average compressive strength (18.81% at 7 days, 14.54% at 28 days, and 17.65% 
at 90 days). The greater compressive strength observed in Fig. 9 compared to Fig. 8 may be associated with the 
decrease in cracking propensity achieved through water curing110,111 (see Sect. Microstructure analysis later). 
Additionally, the complete C-S-H gel chemical reactions cannot be homogeneously created across the matrix in 
the absence of water112. Water curing results in a higher C-S-H gel formation and a denser microstructure than 
air curing113. It was stated that AAS pastes cured in water up to 12 M exhibited higher compressive strength than 
their corresponding specimens cured in air110. Water can function as a solvent, enabling the reaction between 
slag particles and the activator. This process results in the creation of a gel-like substance, which is essential for 
strength gain. It was validated that AAS pastes cured in water for 28 days demonstrated higher compressive 
strength than those cured under alternative conditions. Similarly, AAS mortars soaked in water for up to 90 
days114, or slag/FA mortars immersed in water for up to 56 days115 exhibited higher compressive strength than 
their references cured in air. The AAS mortars cured in water also demonstrated greater strength than those 
cured in a plastic cover112. It was confirmed that concretes made of AAS116 or slag-Ca(OH)2

113 immersed in 
water exhibited greater compressive strength compared to those cured in air.

To further emphasize the superior performance of water curing, Fig.  10 presents a comparison of 
compressive strengths under both curing methods at 28 days. The data reveal a robust linear relationship (R² = 
0.99), confirming that the influence of BP on strength development is consistent across curing conditions. The 
figure visually reinforces that water curing consistently produces higher compressive strength than air curing, 
underscoring the critical role of sustained hydration in maximizing strength gain.

Environmental conditions
This test simulates real-world conditions that construction materials encounter, ensuring their relevance for 
evaluating their performance in actual building projects. This test primarily assesses the capacity of AAS pastes 
and those with different BP ratios to withstand environmental challenges linked to moisture. It indicates the 
mechanical strength, stability, and possible durability of the materials when applied in construction. Evaluating 
the performance of these materials in simulated scenarios provides valuable insights into their behaviour under 
real-world conditions. Figure 11 demonstrates how varying BP ratios influence the compressive strength of air 

Fig. 9.  Compressive strength changes with varying BP ratios for water cured specimens.
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cured specimens after undergoing 40 cycles of wetting-drying. Based on the visual evaluation, every specimen 
underwent the 40 cycles without any apparent failures occurring. As anticipated, following exposure, all specimens 
demonstrate a reduced compressive strength. This reduced strength may be relevant to the development of 
microcracks or increased porosity117–119. After cycles, 0B specimens show a 17.24% decrease in their original 
strength. This ratio gradually decreases with increasing BP up to 20%, then starts to increase. For instance, 
including BP at levels 2.5% (2.5B), 5% (5B), 10% (10B), and 20% (20B) shows 16.69%, 15.26%, 13.7%, and 
12.32% decrease in the original strength, respectively. The results mean that repeated cycles cause degradation, 
but BP has a beneficial effect by slowing it down. The 20B specimens show the least degradation, confirming that 
20% BP is the ideal ratio. Increasing BP to 30% (30B) results in an escalation in the strength loss from 12.32% for 
20B to 15.36%, but still lower than 0B. The highest BP ratio (40%) adversely affects, causing a 19.16% increase 
in strength loss. The results of water curing specimens undergo 40 cycles of wetting-drying shown in Fig. 12, 
follow a similar trend, although the strength is higher and the strength loss is lower. For instance, after cycles, the 
0B, 2.5B, 5B, 10B, 20B, 30B, and 40B show 7.74%, 6.74%, 5.83%, 4.57%, 3.63%, 7.19% and 11.63%, respectively, 
decrease in the original strength. These ratios are significantly lower than air curing specimens, confirming 
efficient water curing. The reasons for this positive influence are mentioned in Sect. Setting time.

Fig. 11.  Compressive strength and changes in strength loss with varying BP ratios for air cured specimens 
after 40 wetting/drying cycles.

 

Fig. 10.  Correlation between the 28-day compressive strength of air-cured and water-cured specimens.

 

Scientific Reports |        (2025) 15:37946 11| https://doi.org/10.1038/s41598-025-19434-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


The relationship between the initial 28-day strength and the final strength after 40 wetting-drying cycles is 
directly compared in Fig. 13. Two key observations can be made. First, for both curing methods, higher initial 
strength generally correlates with higher final strength. Second, and more importantly, the data series for the air-
cured specimens falls significantly further below those of the water-cured series. This visually demonstrates the 
much greater performance degradation in the air-cured samples. The proximity of the water-cured data points 
provides powerful evidence of their superior durability and resistance to damage from environmental cycling, a 
finding that is consistent with the microstructural analysis.

Transport properties
Figure 14 demonstrates how varying BP ratios influence the transport properties of air cured specimens. The 
0B specimens show 9.75% water absorption. This result falls below those declared in120, whilst exceeding those 
listed in112. The 0B specimens show 20.24% porosity, which is higher than the result listed in121 and lower 
than the result listed in56. Overall, the 0B transport properties are consistent with earlier studies. Including 
BP at levels 2.5% (2.5B), 5% (5B), 10% (10B), and 20% (20B) results in a beneficial influence on the transport 

Fig. 13.  Compressive strength after 40 wetting-drying cycles plotted against the initial 28-day strength for 
both air-cured and water-cured specimens.

 

Fig. 12.  Compressive strength and changes in strength loss with varying BP ratios for water cured specimens 
after 40 wetting/drying cycles.
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properties. For instance, porosity drops to 19.5% (for 2.5B), 18.45% (for 5B), 17.38% (for 10B), and 16.25% 
(for 20B), whilst water absorption diminishes to 9.3% (for 2.5B), 8.8% (for 5B), 8.31% (for 10B), and 7.75% 
(for 20B). The incorporation of 20% BP results in the greatest reduction, meaning the greatest improvement. 
The outcomes strongly support the hypothesis that including BP in the pastes can effectively improve the 
microstructure and, subsequently, decrease transport properties. The reasons for this positive influence are 
discussed in Sect. Compressive strength. While including BP up to 20% was beneficial, further increases did 
not result in extra improvement. Instead, transport properties begin to deteriorate (increase), reaching their 
worst point when 40% BP was incorporated. This trend directly mirrors the compressive strength results and is 
explained by the same competing mechanisms. While up to 20% BP leads to pore refinement through a physical 
filler effect, higher replacement levels create what can be described as a ‘binder-starved’ system. As discussed in 
the literature52, when the primary binder is excessively diluted, the resulting hydration products are insufficient 
to fill all the capillary pores. The resulting matrix is therefore inherently more porous and discontinuous, leading 
to interconnected pathways for water ingress and thus higher water absorption and porosity. The high reduction 
in the slag results in an insufficient amount of C-S-H (see Fig. 20b later) as well as increased SiO2/Al2O3 ratios 
than the ideal. As a result, the microstructure becomes porous (see Figs. 21c and 22c later). The water curing 
specimens show a similar pattern of results to those of air curing, as presented in Fig. 15, but with a lower rate. 
This may be relevant to increased hydration products during water curing. This beneficial influence may be 
linked to the development of a compact matrix associated with smaller pore dimensions and reduced pore116.

Drying shrinkage
As is known, excessive drying shrinkage poses a significant risk, frequently leading to damaging cracks that 
compromise the structural integrity and load-bearing ability of the material. This means that mitigating 
shrinkage results in higher strength and durability. Figure  16 demonstrates the drying shrinkage of 0B, 5B, 
20B, and 40B specimens. Visually, the shrinkage appears to be influenced by the BP ratio and time. Across all 
specimens, a marked rapid shrinkage rate was observed throughout the first 16 days, followed by a somewhat 
slow rate. Unlike other studies showed that this rapid shrinkage occurred throughout the first 14 days122. The 
0B specimens exhibit a notably high shrinkage rate123. A primary concern with AAS systems is their substantial 
shrinkage rate, which could pose a serious challenge to their effectiveness. The shrinkage of specimens may vary, 
either increasing or decreasing, depending on the BP ratio. Compared to 0B specimens, the specimens with 5% 
BP (5B), and 20% BP (20B) exhibit reduced shrinkage. The most significant decline in shrinkage rate was noted 
with including 20%. It is useful to state that conventional concrete, including 20% basalt fiber powder, can reduce 
the drying shrinkage124. The reduced shrinkage may be connected to the BP filler properties, which can occupy 
voids in the matrix and enhance packing. The BP ideal ratio can yield a denser microstructure, leading to a 
low-shrinkage paste. Contrarily, including 40% BP (40B) results in an increased shrinkage rate. This is ascribed 
to the formation of a porous microstructure and a weak matrix. It was reported that decreased porosity led to 
decreased drying shrinkage125, in which the pore sizes can participate in the shrinkage126.

Crystalline phases
Figure 17 shows the XRD patterns of 0B, 20B, and 40B samples cured in air. The 0B sample exhibits an amorphous 
phase. A distinct broad peak ranging from 25° to 35° 2θ indicates the presence of a grassy phase, predominantly 
composed of C-S-H gel. The semi-crystalline C-S-H gel phase, alongside calcite, can be detected45. Each of 20B 
and 40B exhibits a comparable amorphous phase, which is connected to the C-S-H gel (from slag) and N-A-

Fig. 14.  Transport properties change with varying BP ratios for water cured specimens.
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S-H gel (from BP). The crystalline phases of diopside, anorthite, augite, albite, and calcite can also be detected. 
The intensity of these phases increases with increasing BP amount. Figure 18 shows the XRD patterns of 0B, 
20B, and 40B samples cured in water. Similar amorphous humps to those cured in air were detected, but with 
higher intensities, which conform to their higher compressive strength. The crystalline phases in the samples 
cured in water are identical to those cured in air, but they have fewer peaks. This confirms that water curing has 
a significant effect on these phases than air curing. This emphasizes that specimens cured in water are stronger 
than those cured in air.

Thermogravimetric analysis
Figure 19 shows the TGA/DTG curves of the 0B sample cured in water. A unique endothermic peak below 200 
℃, along with a notable weight loss in TGA, was detected in the 0B sample. The former weight loss is linked to 
C-S-H gel’s water evaporation45. This phase is responsible for material strength127. Poorly crystalline carbonate 
decomposition is linked to the small weight loss that is notable at 600–700 ℃128. Figure 20 shows the TGA/
DTG curves of 20B and 40B samples cured in water. The analysis of these samples reveals greater weight losses 
between 600 and 700 ℃ compared to the 0B sample shown in Fig. 19. Compared to the 0B sample, a significant 
weight loss observed below 200 ℃ in 20B sample presented in Fig. 20a, which is associated with the coexistence 

Fig. 16.  Drying shrinkage changes with varying BP ratios.

 

Fig. 15.  Transport properties change with varying BP ratios for water cured specimens.

 

Scientific Reports |        (2025) 15:37946 14| https://doi.org/10.1038/s41598-025-19434-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


of C-S-H gel form the primary slag source and N-A-S-H gel from adding BP. It was stated that introducing 
appropriate silica-rich material into slag enabled the formation of both C-S-H and N-A-S-H gel, contributing 
to microstructure density and improved strength44. This phenomenon of coexistence was observed in mixtures 
of slag with various low-calcium, silica-rich materials, including MK40, FA/oil shale residue129, volcanic glass 
powder44, ceramic powder46, FA130, volcanic ash131, and feldspar104. Strengthening is the result of this phase. This 
implies that better compressive strength results from greater weight loss83. Upon examining the weight loss data 
presented in Figs. 19 and 20, it becomes evident that the 20B sample (Fig. 20a) experiences the most significant 
weight loss, followed by the 0B sample (Fig. 19), whilst the 40B sample (Fig. 20b) demonstrates the least amount 
of weight loss. These findings corroborate the measured compressive strength trends demonstrated in Fig. 9.

Microstructure analysis
Figure  21 shows the SEM images of 0B, 20B, and 40B samples cured in air. The 0B sample is characterized 
by numerous partially reacted or nonreacted slag particles. These particles are easily distinguishable by their 
distinctive, irregular, and jagged shapes, which contrast with the surrounding material. Their bright gray color 
further emphasizes their presence. Moreover, this microstructure displays a scattered distribution of microcracks. 
It is hypothesized that high shrinkage in AAS matrices creates tension, leading to microcrack formation132,133. 
The microcrack formation is also hypothesized to stem from the volumetric variations associated with the 

Fig. 18.  Variation of XRD patterns with varying BP ratios for water cured samples.

 

Fig. 17.  Variation of XRD patterns with varying BP ratios for air cured samples.
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transformation of the non-crystalline C-S-H phase into the semi-crystalline phase in incompletely solidified 
geopolymer gel127. It was theorized that the microcrack formation is associated with a greater uncombined water 
quantity that evaporated through drying134. Similar microcracks were found in other studies135,136. Including 
20% BP (20B) dramatically transformed the microstructure compared to the sample presented in Fig. 21a. The 
microcracks vanished entirely and the microstructure abruptly altered into a more compact and denser, featuring 
only a limited number of unreacted particles and pores (Fig. 21b). This dense, visually homogenous matrix is the 
direct microstructural manifestation of the optimal synergy between the C-S-H gel from slag and the N-A-S-H 
gel from basalt, a co-existence suggested by our TGA and XRD results (Sect. Crystalline phases and 3.8). This 
observation aligns with the findings of Yip et al.127, who described how the formation of co-existing C-S-H and 
geopolymeric gels can lead to superior particle packing and microstructural densification, which fully explains 
the enhanced mechanical and durability properties observed at the 20% BP replacement level. Accordingly, 
including 20% BP (20B) can enhance the microstructure compactness and prevent microcracks. This improved 
microstructure is the primary driver behind the observed enhanced strength (Figs.  8), reduced transport 
properties (Figs.  12), enhanced environmental resistance (Fig.  11), and reduced drying shrinkage (Fig.  16). 
The microcracks disappearance with including BP aligns with the hypothesis that specimens containing high 
calcium showed high shrinkage. However, including low calcium aluminosilicates in these specimens markedly 
decreased the shrinkage137, thus mitigating the microcracks formation. Contrarily, the use of 40% BP (40B) 
leads to a different outcome: a porous microstructure with numerous numbers of nonreacted particles (Fig. 21c). 
These features are allied with the degradation of the 40B specimens’ properties.

Figure  22 depicts the SEM images of 0B, 20B, and 40B samples treated in water. Despite the 0B sample 
treated in water exhibiting many nonreacted particles and some pores, it is free from microcracks (Fig. 22a). The 
disappearance of microcracks confirms the benefit of water curing in preventing microcracks138. Similar to 20B 
sample cured in air, including 20% BP (20B) can diminish the amount and dimensions of nonreacted particles, 
along with reducing the pore count as presented in Fig. 22b. This microstructure seems to not only surpass the 
0B sample cured in water but also the 20B sample cured in air, shown in Fig. 21b. Introducing the greatest ratio of 
BP (i.e., 40%) promotes the formation of pores (Fig. 22c), which adversely affects compressive strength. Despite 
the formation of pores in the 40B sample cured in water, it still outperforms its counterpart cured in air shown 
in Fig. 21c.

Figure 23 shows the SEM images of 0B, 20B, and 40B samples cured in air after wetting-drying cycles. The 0B 
sample is characterized by microcracks as illustrated in Fig. 23a, which could have developed during the drying 
phase. These microcracks could provide pathways for ions and water to penetrate the sample upon wetting139. 
This alteration in the sample’s microstructure is intricately connected to the strength degradation rate following 
cyclic exposure. The process of wetting-drying can lead to microcracks development, which weakens the 
strength140. Including 20% BP (20B) results in limiting the microcracks (Fig. 23b), which is positively reflected 
in its strength compared to 0B after exposure to the same number of cycles. This verifies that the ideal proportion 
of BP can enhance the microstructure and prevent strength loss. Contrarily, including 40% BP (40B) results 
in a porous microstructure and extensive microcracks (Fig. 23c), which is negatively reflected in its strength. 
Figure 24 shows the SEM images of 0B, 20B, and 40B samples cured in water after wetting-drying cycles. The 
trend of the microstructure of these samples is similar to their counterparts presented in Fig. 23, but with lower 
microstructure degradation due to water curing.

Fig. 19.  TGA/DTG curves of 0B water cured sample.

 

Scientific Reports |        (2025) 15:37946 16| https://doi.org/10.1038/s41598-025-19434-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 21.  SEM images of 0B (a), 20B (b), and 40B (c) samples cured in air.

 

Fig. 20.  TGA/DTG curves of 20B (a), and 40B (b) water cured samples.
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Conclusions
This study addressed a critical research gap concerning the enhancement of AAS cement using widely available 
natural materials. It provides the first comprehensive evidence that Egyptian BP can serve as an effective fortifier, 
not merely a filler, for AAS systems. The central conclusion is that a specific, optimal replacement of 20% BP 
leads to a synergistic improvement in mechanical strength, transport properties, and environmental durability. 
This enhancement is driven by the formation of a densified, co-existing C-S-H and N-A-S-H gel matrix, which 
overcomes the potential performance loss from diluting the primary slag binder. Furthermore, the study confirms 
the critical role of water curing in mitigating microcracks and maximizing the binder’s long-term durability. The 
specific findings that support these overarching conclusions are summarized as follows:

	1.	 The proper application of BP can optimize AAS cement properties.
	2.	 Adding BP slightly decreased the mixture’s flowability due to its finer particles than slag.
	3.	 Adding BP prolonged the setting time due to the increased silica in BP at the expense of calcium in slag.

Fig. 24.  SEM images of 0B (a), 20B (b), and 40B (c) samples cured in water after wetting-drying cycles.

 

Fig. 23.  SEM images of 0B (a), 20B (b), and 40B (c) samples cured in air after wetting-drying cycles.

 

Fig. 22.  SEM images of 0B (a), 20B (b), and 40B (c) samples cured in water.
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	4.	 Adding 0.5–20% BP improved the compressive strength, as high as 14.54% at 28 days and 17.65% at 90 days 
under water curing, due to the filling effect of fine BP and the formation of N-A-S-H gel that can exist along-
side C-S-H gel.

	5.	 Adding 20% BP improved the material’s performance in harsh environmental conditions, significantly re-
ducing the strength degradation to 3.63% even after 40 repeated wetting-drying cycles.

	6.	 Adding 0.5–20% BP decreased transport properties by blocking the pores and densifying the microstructure.
	7.	 Adding 5% and 20% BP mitigated the drying shrinkage, due to the packing effect, whilst adding 40% BP 

caused negative consequences owing to the formation of pores.
	8.	 Generally, adding 20% BP showed the ideal ratio. However, adding 30% BP showed only a marginal effect, 

whilst adding 40% BP had a detrimental effect on the overall properties of cement.
	9.	 Water curing showed superiority over air curing in this cement type by inhibiting the development of micro-

cracks and facilitating the C-S-H gel formation.

While this study successfully identified key performance trends, further research is needed for practical 
application. Its limitations should be acknowledged to provide context for its findings. These include its focus 
on a single source of basalt and slag, whose specific mineralogical and chemical properties may influence the 
outcomes. Additionally, the durability assessment was confined to physical wetting-drying cycles, which do not 
cover the full spectrum of potential environmental exposures such as chemical attack or freeze-thaw conditions. 
Building on these findings, future research is needed for practical application. A future optimization study 
should be conducted, focusing on the most promising formulations (i.e., those with 10–20% BP). This next phase 
of research should employ a statistical Design of Experiments (DoE) to investigate the interplay between basalt 
powder content, activator concentration, and curing conditions. The use of Analysis of Variance (ANOVA) will 
be essential to statistically validate the results and develop a robust, optimized mix design. Furthermore, to 
address the current limitations, future work should expand to include basalts from different geological origins 
and evaluate long-term durability under aggressive chemical environments (e.g., sulfate and chloride exposure), 
which would provide a more complete and universally applicable picture of the material’s service life.

Data availability
All data, models, and code generated or used during the study appear in the submitted article.
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