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This research explores the development of glass-based alkali-activated cement (GBAAC) for stabilising 
New Zealand pumice sand as a subgrade in road construction. Using GBAAC in road construction offers 
a sustainable solution by reducing waste glass (WG) accumulation in landfills and providing an effective 
alternative to conventional chemical soil stabilisers. Several mixtures were prepared by systematically 
optimising both the activator-to-precursor ratio (A/P), using a 10 M KOH solution as the activator, 
and the particle size distribution of the WG precursor to achieve optimal strength and performance 
characteristics. The maximum compressive strength of 37.9 MPa was obtained at an A/P of 0.4 after 
curing at 65 °C for 48 h. The microstructural analysis confirmed the formation of alkali/earth-alkali-
silicate-hydrate gels involving Na+, K+, Ca2+, and Mg2+ ions. An interesting aging phenomenon was 
observed, with compressive strength decreasing at 28 days due to depolymerisation, then surpassing 
initial strength at 56 days. Initial curing at 65 °C for 48 h resulted in a 56-day strength 2.6 times higher 
than that achieved with room temperature curing. An unground-to-ground WG unit ratio was selected 
as the optimal precursor composition, balancing strength requirements and production efficiency. 
California Bearing Ratio (CBR) tests demonstrated that mechano-chemical stabilisation using GBAAC 
significantly enhanced the stress-strain behaviour of pumice sand. The highest average CBR5.0 value of 
64.70% was achieved with heavy compaction of GBAAC-stabilised samples, a substantial improvement 
from 21.67% for lightly compacted untreated samples.
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Pumice soils, composed of light and porous volcanic rocks, are widespread in New Zealand, covering several 
areas of the central North Island, particularly along the lower Waikato River valley and parts of the Bay of 
Plenty1,2. These soils primarily consist of sandy to gravelly pumice materials, characterised by weak weathering 
and low clay content3. One of the main challenges associated with pumice soils is their low strength, which can 
render them incapable of supporting heavy loads, leading to excessive settlement and pavement damage. The 
crushing strength of pumice soils is significantly lower than that of hard-grained soils, highlighting their high 
crushability4.

Another critical issue is the susceptibility of pumice soils to erosion, which can result in particle loss and 
compromise pavement stability. These soils are particularly vulnerable to water erosion, and, without adequate 
protection, heavy rainstorms can cause severe erosion3, posing substantial challenges in road and transportation 
infrastructure. Stabilising the subgrade is therefore essential when working with pumice soils, as it improves the 
bearing capacity of the pavement and reduces the risk of failure5.

In an era of increasing environmental concerns, sustainability is essential across all industries, including 
construction. Alkali-activated binders present a viable alternative to Portland cement for soil stabilisation, 
particularly in road construction6,7. Portland cement production contributes 5–8% of global CO2emissions, 
projected to rise to 12–35% by 20508,9. Alkali-activated cement (AAC), however, can reduce CO2emissions 
associated with Portland cement production by up to 80%10.

1Built Environment Engineering Department, School of Future Environments, Auckland University of Technology, 
Auckland 1010, New Zealand. 2James Watt School of Engineering, University of Glasgow, Glasgow, UK. 
3EnvoGeotechnique Ltd., Auckland, New Zealand. email: r.kalatehjari@aut.ac.nz

OPEN

Scientific Reports |        (2025) 15:21287 1| https://doi.org/10.1038/s41598-025-99016-6

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-99016-6&domain=pdf&date_stamp=2025-7-1


An expanding range of by-products and industrial wastes have shown promise as precursors or additives in 
AAC for soil stabilisation. Sugarcane bagasse ash, for example, is abundant in reactive silica and has been shown 
to strengthen weak or problematic soils and a sustainable solution for subgrade improvement under alkaline 
conditions11–13. Similarly, rice husk ash is another silica-rich resource that reacts favourably alone or with other 
precursors such as eggshell or carbide lime to produce AAC for stabilisation of a wide range of soil types14–16. 
Palm oil fuel ash has also been successfully used as precursor alone or with other materials such as magnesium 
oxide and cement for stabilisation of soft soil and subgrade by several researchers17–21.

Industrial wastes and by-products such as steel slag, ground granulated blast furnace slag (GGBS), fly ash, and 
silica fume have drawn attention as favourable precursors due to their notable calcium, aluminium, and silica 
contents22,23. When blended with each other or other materials such as lime and cement, these materials shown 
effectiveness in soil stabilisation23–27. Another industrial waste is red mud, a residue from bauxite refining, that 
has proven successful in soil stabilisation as sole precursor or in combination with other materials such as GGBS, 
bottom ash, and cement28–31. Sewage sludge-based AAC has also been successfully applied in the stabilisation of 
both cohesive and granular soils32–34. Apart from agricultural and industrial by-products, a variety of minerals 
has been investigated as alkali-activated precursors and for soil stabilisation, to name a few, olivine35–37, calcined 
clay38, and pumicite39–41.

In determining which precursor or combination of precursors to employ, it is crucial to consider practical 
factors such as local availability, material reactivity, and environmental impact. While precursors like fly ash, slag, 
palm oil fuel ash, or rice husk ash have proven successful in various regions, their availability and consistency of 
supply can be problematic in certain markets42. This challenge becomes more pronounced in countries that do 
not operate large coal-fired power plants, steel mills, or oil-processing industries on a sufficient scale, thereby 
limiting the consistent production of fly ash, GGBS, and palm oil fuel ash. In New Zealand, the transition towards 
renewable energy generation and low-emission, circular manufacturing practices has significantly reduced 
reliance on coal-fired power and traditional steelmaking43–46. As a result, the domestic production of industrial 
by-products such as fly ash and blast furnace slag has declined substantially. These limitations highlight the need 
to explore alternative precursors that are readily available and suitable for alkaline activation.

Approximately 130 million tonnes of Waste glass (WG) are generated globally each year, with less than 35% 
recycled47,48. Recycling WG involves several complex processes, including sorting, crushing, cleaning, and 
reprocessing49. These steps result in significant CO2emissions, high costs, and considerable energy consumption. 
Consequently, reusing WG in the construction industry offers an efficient and environmentally beneficial 
solution to reduce its accumulation in landfills. Using reclaimed crushed glass in asphalt dates back to the 
1970s50. The Australian Road Research Board’s Best Practice guidelines recommend using recycled materials in 
road and rail infrastructure51. Reclaimed crushed glass is used in embankments, structural and non-structural 
fill, retaining wall backfill, and drainage. In these applications, glass particles help fill voids in the soil, resulting 
in a denser and more stable subgrade.

WG has also emerged as a noteworthy precursor in the context of alkali-activated binders52,53. Incorporating 
WG into alkali-activated systems can offer a twofold advantage: (i) it diverts substantial amounts of non-
biodegradable glass from landfills, minimising environmental risks and disposal costs, and (ii) it leverages the 
silica-rich nature of glass to form robust aluminosilicate or alkali silicate reaction products54,55. In addition, prior 
research demonstrates that when properly ground or milled, WG can have comparable reactivity to traditional 
aluminosilicate materials, enabling sufficient strength development and reducing the carbon footprint 
associated with Portland cement production56,57. These features make WG a promising candidate for developing 
more sustainable soil stabilisation binders that address local waste management constraints and satisfy the 
performance requirements for subgrade improvement.

AAC has been using WG as a silicate activator55,58, aggregate59, and precursor55,60. Being rich in silica, WG is 
an ideal additive for the alkali-silica reaction in AAC61. Consequently, research has focused on modifying WG 
composition by incorporating Al- and Ca-rich materials, including red mud62,63, metakaolin55,64, fly ash57,65, 
and ground granulated blast-furnace slag66–69. Additionally, AAC formulations using WG combinations with 
Portland cement70,71, metakaolin and GGBS64,72, or fly ash and ground granulated blast-furnace slag56,73,74 have 
been explored. These mixtures, called binary and trinary precursors, further enhance the properties of AAC.

The literature indicates that optimal levels of partial replacement of WG with other aluminosilicate sources 
can enhance its performance in AAC. However, exceeding these optimal levels weakens mechanical strength due 
to the brittle nature of WG and the formation of high-volume alkalis66,72. Maldonado-Alameda et al.75developed 
alkali-activated binders using a combination of ceramic, stone, and porcelain waste, which included 84% soda-
lime WG, combined with residues from the secondary aluminium production process as an Al-rich material. 
Additionally, replacing 35% of Portland cement with fluorescent lamp glass waste resulted in unconfined 
compressive strength (UCS) values comparable to Portland cement-based samples after 90 days of curing76.

Glass has also been used as a trinary precursor in slag-fly ash-based AAC for pavement applications. A 
sample containing 15% glass achieved a compressive strength of 39.7 MPa after 7 days77. Several studies have 
investigated the efficacy of recycled glass powder-based geopolymers in stabilising clay soils. Burciaga-Díaz et 
al.64 reported a significant increase in compressive strength by reaching approximately 35 MPa when using 
30% WG as a partial replacement for metakaolin in their geopolymer recipe. Bilondi et al.78 stabilised clayey 
soils using a recycled glass powder-calcium carbide residue-based geopolymer with glass content ranging from 
0 to 9%, resulting in a nearly 60% improvement in compressive strength. Baldovino et al.79 used a mixture 
of 5% hydrated lime and WG to stabilise silty soil, meeting all the requirements for earthworks applications 
after 90 days of curing. Más-López et al.80 reported a compressive strength of 2.38 MPa for limestone stabilised 
with a pozzolanic binder containing 8% WG. Onitsuka, Shen81 examined the effect of lime content on glass-
based stabilised clay, finding that adding 20% lime content to WG contributes to compressive strengths ranging 
from 1.70 to 1.91 MPa. However, there is a research gap on the performance of WG as the sole precursor in 
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AAC because the chemical composition of WG significantly influences the properties of the produced cement, 
especially when it contains Ca2+ and Mg2+phases like car windscreen WG which, according to Hamouda, 
Akhlaghi Amiri82, facilitate the precipitation of sodium-silicate gels. This suggests that selective types of WG, 
particularly car windscreen WG, contain the necessary components for stable silicate gel formation, making it a 
promising sole precursor for glass-based alkali-activated cement (GBAAC).

This study introduces WG as the sole precursor in producing GBAAC in stabilising pumice sand, a loose soil 
in New Zealand. By utilising WG as an alternative precursor, this research aims to facilitate a higher recycling 
rate of this waste stream. The initial phase optimises the activator-to-precursor and unground-to-ground WG 
ratios for paste production. The UCS test was employed to assess the performance of the paste under varying 
curing temperatures and aging durations. Microstructural characteristics of the GBAAC will be analysed using 
Scanning Electron Microscopy (SEM) coupled with Energy-Dispersive X-Ray Spectrometry (EDS). In the 
second phase, the performance of GBAAC in stabilising pumice sand for road construction will be evaluated 
using the California Bearing Ratio (CBR) test.

This research represents a significant innovation in several key areas, including sustainability, infrastructure 
development, waste management, and soil stabilisation. It addresses critical challenges such as the environmental 
impact of Portland cement production83, the unavailability of fly ash and slag84, and the need for effective WG 
recycling. By successfully utilising WG to produce GBAAC for stabilising pumice sand, this study contributes to 
a more sustainable and environmentally friendly approach to construction.

Materials & methods
Materials
Pumice sand
The pumice sand used in this research was supplied by Daltons, a local manufacturer and supplier of landscape 
products in New Zealand. The obtained pumice sand, a by-product of their sand processing operation in 
Matamata that undergoes washing, screening, and grading to ensure its quality, was selected for its consistency, 
ensuring repeatability in the testing process. Two pumice sand products were initially selected for analysis, 
including a coarse (maximum particle size: 7 mm) and a fine (maximum particle size: 3 mm). The impact of 
compaction energy on the particle size distribution of both products revealed a more pronounced crushing effect 
on the pumice grains in the fine fraction than in the coarse fraction. Due to its lower sensitivity to compaction 
forces and more consistent behaviour, the coarse pumice sand (PS) exhibited greater suitability for comparative 
studies where the primary focus extends beyond purely mechanical stabilisation (Fig. 1a). Therefore, PS was 
selected for subsequent processes. Figure 2a shows a coarse pumice particle under SEM.

Particle size distribution analysis, conducted using a combination of sieve analysis85 and hydrometer 
analysis86 as illustrated in Fig. 3a, classified the PS as poorly graded sand (SP) according to the Unified Soil 
Classification System (USCS). Further Laser Particle Size Distribution (LPSD) analysis on the fine portion of 
the SP (particles smaller than 0.075 mm) was conducted using a Mastersizer 2000 Laser analyser revealing an 
average D50 of 33.99 µm (Fig. 3b). The Specific Surface Area (SSA) of particles smaller than 75 µm obtained from 
LPSD and Brunauer, Emmett and Teller (BET) analysis, measured from N2 gas adsorption-desorption isotherms 
at the temperature of liquid nitrogen (−196 °C), are equal to 0.93 m2/g and 9.03 m2/g, respectively.

The compaction behaviour of pumice sand is significantly influenced by its lightweight, porous, and vesicular 
structure, which enables substantial water absorption and aids particle rearrangement during compaction87. 
Standard Proctor tests88 indicated a distinctive double-peak compaction curve (Fig. 4) with maximum dry unit 
weights of 6.7 kN/m³ (dry side) and 7.2 kN/m³ (wet side), corresponding to optimum moisture contents of 10% 
and 40%, respectively. The initial densification at lower moisture (dry side) occurred primarily due to particle 
rearrangement and improved particle packing. At higher moisture content (wet side), the lubricating effect of 
water further reduced internal friction, enabling more efficient particle rearrangement and higher densities. 
Consequently, the optimum moisture content of the wet side (40%) was selected to achieve the maximum dry 
density.

Fig. 1.  Images of the (a) coarse pumice sand (PS) and (b) glass powder (GP).
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Fig. 4.  Compaction curve of the coarse pumice sand (PS).

 

Fig. 3.  Particle size distribution of the original coarse pumice sand (PS), glass powder (GP), and ground glass 
(GG) using (a) sieve analysis and (b) Laser Particle Size Distribution (LPSD).

 

Fig. 2.  SEM images of (a) coarse pumice sand (PS) and (b) glass powder (GP).
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Table  1; Fig.  5 present X-ray fluorescence (XRF) and X-ray Diffraction (XRD) results to determine the 
chemical element and mineralogy of the materials, respectively. The XRF results for PS show SiO2 with 74% by 
weight as the main chemical component followed by 14% Al2O3. The remaining components comprise less than 
10% by weight of the PS, and around 2.3% is loss on ignition (LOI) during the test. The XRD pattern, measured 
with a PANalytical Empyrean diffractometer equipped with Cu Kα-ray source and PIXcel 1D, illustrates the 
presence of aluminosilicate minerals including albite (NaAlSi3O8, 90.8%), tridymite (SiO2, 4.3%), quartz 
(SiO2, 3.0%) and Jadeite (NaAlSi2O6, 1.8%). These minerals comprise 38.35% of the total phase, indicating the 
remaining 61.64% as the amorphous phase.

Waste glass
The waste glass powder (GP), sourced from Commodities NZ Ltd. in 25 kg bags, is a powder product of car 
windscreen glass with particles under 0.2 mm, in the fine sand range (Fig. 1b). Figure 2b shows the morphology 
of GP, which exhibits an irregular, angular morphology attributed to the milling processes in the recycling 
facility. The particle size distribution of GP was determined using two methods, the hydrometer analysis shown 
in Fig. 3a, and the LPSD illustrated in Fig. 3b. With a D50 = 133.04 µm, the GP is mainly in the range of fine sand 
with around 15–20% silt content. The GP exhibits very low plasticity and is classified as poorly graded sand (SP) 
based on the USCS. Its SSA and BET surface area equal 0.029 m2/g and 0.495 m2/g, respectively. The XRF results 
in Table 1, show SiO2 as the most abundant component with 72% by weight of GP, followed by 15% NaO2, 9.5% 
CaO, and 6% MgO. Traces of aluminium, iron, and potassium oxides are detected with less than 0.1% by weight 
of the GP.

The XRD pattern in Fig. 5 reveals a 100% amorphous phase in GP, with no detectable mineral phases. The 
amorphous silica in GP can be reactive. Mechanical treatment was employed to enhance GP reactivity by 
producing finer glass particles. A Retsch planetary ball mill (PM 100 CM) was used for grinding, with 16 stainless 
steel balls (15 mm diameter) and a rotating speed of 600 RPM. Varied grinding parameters were examined (5, 10, 
15, 20, and 40 min) and the optimal grinding performance was achieved with a half-loaded jar and a grinding 
duration of 20 min. Hydrometer analysis (Fig. 3a) and LPSD analysis (Fig. 3b) demonstrated a significant shift in 
the particle size distribution towards smaller particles after grinding. The optimised ground glass (GG) exhibited 
significantly finer particles, with D10, D50, and D90 values of 3.495 µm, 17.978 µm, and 72.722 µm, respectively, 
compared to 61.847 µm, 133.315 µm, and 255.572 µm measured for the GP. Approximately 30% of GG particles 
fell within the targeted size range (< 100 µm). The increase in SSA to 0.28 m²/g further confirmed the enhanced 
reactivity of the GG.

Fig. 5.  XRD results for coarse pumice sand (PS) and glass powder (GP).

 

Material

Chemical Components (Weight%)

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 LOI

PS 74.0 14.0 1.0 1.3 0.3 3.0 4.0 0.1 ~ 2.3

GP 72.0 < 0.08 < 0.05 < 9.50 < 6.00 < 15.00 < 0.03 - -

Table 1.  Chemical elements of the PS and GP obtained from XRF analysis.
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Alkaline activator
A 10 M KOH solution was used as an alkaline activator. KOH pellets with a specific gravity of 2.04 at 20 °C (88 
wt%), supplied by ThermoFisher Scientific New Zealand, were used. To prepare the alkaline solution, KOH 
pellets were slowly added to distilled water in a beaker placed on an ice bath within a chemical hood. The 
mixture was stirred continuously until the pellets were completely dissolved. The solution was then allowed to 
cool to room temperature for at least 48 h before use.

Experimental programme
Figure  6 illustrated the experimental programme of the study, including material preparation, samples 
preparation, and test plan.

Sample preparation
Details of the specimens synthesised for this research are included in Table 2. The experiment involved three 
groups. Group I aimed to optimise GBAAC by investigating the influence of the activator-to-precursor ratio 
(A/P= 0.1 to 0.5) on compressive strength according to89. Based on the optimal A/P ratio determined in Group 
I experiments, Group II specimens were designed to investigate the influence of particle size distribution of 
precursor (GP/GG = 1, 1.5, and 2.33) on the compressive strength of the paste. The dry mix of GP and GG (GPG) 
for Group II was prepared using a mechanical mixer. Determining the optimal GP/GG ratio minimises grinding 
time and energy consumption while maintaining sufficient reactivity and strength development. Three identical 
samples were prepared for each mixture in both groups, and average values were reported.

Group III specimens were designed based on the optimised results of Group II to investigate the effect of WG 
on the bearing capacity of PS, both as non-activated fine aggregates and as activated GBAAC, using the CBR 
tests. To ensure the reliability of the results, two identical samples of each mix design in Group III were initially 
prepared and tested. If the results did not meet the accuracy and precision requirements specified in the CBR 
testing procedure, additional samples were prepared and tested until the criteria were satisfied.

To make the specimens in groups I and II, GG and GPG were mixed with the alkaline activators, respectively, 
according to the ratios described in Table 2. Materials were mixed for 10 min using a mechanical mixer with 
occasional hand mixing. The fresh paste was then placed into standard cubical steel moulds of 50 mm in three 
equal layers. Each layer was compacted using a vibration desk operated at 3500 vibrations per minute to expel air 
bubbles from the samples. Samples were cured at 65 °C for 48 h, then demoulded and stored at room temperature 
for 24 h before testing. Additional samples of the optimised mix were made with different curing and aging 
conditions for further study.

Group III samples were prepared and tested according to the standard test procedures for both standard 
(3-layer light compaction) and modified (5-layer heavy compaction) CBR tests88,90,91. The key steps included 

Fig. 6.  Testing process flowchart for (a) Group I, (b) Group II, and (c) Group III.
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material preparation based on the optimised GBAAC with ratios outlined in Table 2, followed by compaction in 
the CBR mould moulds with a diameter of 152.4 mm and a height of 177.8 mm using a standard 2.5 kg rammer 
with 62 blows per layer. The GBAAC-stabilised PS samples were cured at 65 °C for 48 h. All samples in this group 
were sealed and stored at room temperature for 24 h before testing.

Two subgroups of samples were prepared: mechanically stabilised PS and mechano-chemically stabilised PS 
with the addition of the optimised GBAAC. This allowed for investigation of the binder’s impact on the stabilised 
soil’s performance. Recent research on soil stabilisation indicates a wide range of AAC binder additions (20–30% 
by dry weight of soil), with the specific percentage varying based on soil type and desired strength92,93. Given the 
non-cohesive nature of PS, 30% GPG by weight of the dry soil was used as the precursor content for the required 
amount of the GBAAC to be used as a stabilisation agent in this study.

Due to its high porosity, PS exhibits high moisture absorption capacity, with a surface dry moisture content 
of approximately 40%. This coincides with the optimum moisture content of PS determined from the standard 
Proctor test. Bringing the PS moisture content to its surface dry level enhances the workability of the mixture, 
prevents dilution of the alkaline solution and maintains the necessary moisture content for the alkali activation 
process. Therefore, 40% water content by weight was mixed with the PS for 5 min using a mechanical mixer and 
left in a sealed bucket at room temperature for 24 h before sample preparation to homogeneous moisture.

Compressive strength test
The compressive strength test89 was conducted on three identical specimens from each mixture recipe in groups 
I and II. The tests were performed on the prepared cubic specimens with a loading rate of 0.1 mm/min using 
a strain-controlled Universal Testing Machine (UTM), specifically an MTS Criterion C45.305 with a 300 kN 
capacity. The termination criteria were defined as either failure of the specimen or reaching a maximum strain 
of 20%. Stress-strain curves were generated for each specimen, and the maximum compressive strength was 
determined. The average of the three test results for each mixture was reported.

CBR test
The CBR test, a standard method for pavement design and road construction, was employed to evaluate the 
strength characteristics and load-bearing capacity of the samples in group III. This group of samples was 
designed to investigate the influence of various factors on the load-bearing capacity of PS mixtures, including 
the inclusion of WG (both as fine aggregate and as GBAAC), the particle size distribution of PS, and compaction 
effort (light and heavy compaction methods).

CBR testing was conducted by driving a 50 mm diameter cylindrical penetration plunger into the top surface 
of the specimen at a constant rate of 1.27 mm/min, with the load applied using the UTM device. Load and 

Group Sample ID A/P (%) K (Molar) GP/GG (%) P/PS Test
Curing
Condition RT Aging (day)

I

GG-K-0.1 0.1 10 - - UCS ET 1

GG-K-0.2 0.2 10 - - UCS ET 1

GG-K-0.3 0.3 10 - - UCS ET 1

GG-K-0.4 0.4 10 - - UCS ET 1

GG-K-0.5 0.5 10 - - UCS ET 1

GG-K-0.4-I 0.4 10 - - UCS ET 28, 56

GG-K-0.4-II 0.4 10 - - UCS RT 56

II

GPG-K-1-0.4 0.4 10 1 - UCS ET 1

GPG-K-1.5-0.4 0.4 10 1.5 - UCS ET 1

GPG-K-2.33-0.4 0.4 10 2.33 - UCS ET 1

III

PS-L - - - - S-CBR RT 1

PS-H - - - - M-CBR RT 1

PS-GPG-K-1-0.4-L 0.4 10 1 0.3 S-CBR ET 1

PS-GPG-K-1-0.4-H 0.4 10 1 0.3 M-CBR ET 1

Table 2.  Mixture proportions and details of the experimental programme. Notes: A/P = Activator to Precursor 
Ratio; K = 10 M KOH Solution; GG = Ground Glass; GP = Glass Powder; P = Precursor; PS = Pumice Sand; RT 
= Room Temperature; ET = Elevated Temperature (65ºC) for 48 h; L = Three-Layer Compacted Standard CBR 
(S-CBR); H = Five-Layer Compacted Modified CBR (M-CBR); GPG = GG-GP Mix. The mixture proportions 
included in the table can be calculated as follows: • Group I: The activator weight is determined by multiplying 
the A/P ratio by the given precursor weight. • Group II: The precursor is a combination of GP and GG. The 
required weight of GP is obtained by multiplying the GP/GG ratio by the given GG weight. The total weight of 
GG and GP is considered the precursor weight. The activator weight is then calculated by multiplying the A/P 
ratio by the total precursor weight. • Group III: PS-L and PS-H do not contain any precursor or activator. For 
the other two samples, the required precursor weight is determined by multiplying the P/PS ratio by the given 
PS weight. A unit ratio of GG/GP is then used to prepare the required precursor. Finally, the activator weight is 
calculated by multiplying the A/P ratio by the precursor weight.
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penetration resistance were recorded continuously to determine the loads at 2.5 mm and 5.0 mm penetration 
depths, which were then compared to standard load values to calculate the CBR percentage. Additionally, the 
ultimate performance of each sample was measured at 12.5 mm penetration.

Microstructural analysis
SEM/EDX analysis was conducted using a Hitachi SU-70 Schottky field emission scanning electron microscope at 
an accelerating voltage of 15 kV. SEM/EDX analysis was performed on the crushed samples after the compressive 
strength test. The crushed samples were sputter-coated with Platinum (Pt) for 100 s using a Hitachi E-1045 ion 
sputter coater to improve electrical conductivity. The elemental composition of the samples was determined 
using EDS with a Noran System 7 (NSS) microanalysis system.

Results and discussion
Glass-based alkali-activated cement
Group I UCS results
Figure 7a shows the stress-strain curves of the Group I specimens after 48 h of curing at 65 °C, followed by 
24 h of room-temperature curing. Specimens GG-K-0.1 and GG-K-0.2 exhibited relatively ductile behaviour, 
failing at low stress and strain levels (approximately 0.02–0.25). In contrast, GG-K-0.3, GG-K-0.4, and GG-K-
0.5 demonstrated stiff behaviour with an initial linear-elastic region followed by a more gradual decline in stress 
(strain softening) before failure, reaching failure at higher strains (between 0.04 and 0.05) and achieving higher 
peak stresses. Furthermore, these specimens demonstrated a higher initial modulus of elasticity, as evidenced by 
the steeper initial slopes of their stress-strain curves.

It is evident that pastes with a lower A/P ratio, i.e., GG-K-0.1 and GG-K-0.2, tended to exhibit more plastic 
behaviour before and after their peak strength. In contrast, pastes with a higher A/P ratio, i.e., GG-K-0.3, GG-K-
0.4, and GG-K-0.5, exhibited a more brittle behaviour, showing a clear peak strength followed by a sharp decline 
in stress during excessive deformation, similar to observations made by Pourakbar et al.94. This suggests that 
higher A/P ratios effectively promoted the alkaline activation process of the WG.

The compressive strength of the paste increased significantly from 4.8 MPa to 36.9 MPa as the A/P ratio 
increased from 0.2 to 0.3. However, further increases in the A/P ratio, from 0.3 to 0.4 and then to 0.5, resulted in 
only minor changes in UCS, with values remaining relatively stable (Fig. 7b). Specifically, GG-K-0.3 and GG-K-
0.5 exhibited similar UCS values (36.9 MPa and 36.5 MPa, respectively). In comparison, GG-K-0.4 achieved the 
highest UCS of 37.9 MPa. Therefore, the A/P ratio of 0.4 was selected as the optimum. This finding is consistent 
with research by Redden, Neithalath54 and Samarakoon et al.56, who also identified an A/P ratio of 0.40 optimal 
for producing glass-based geopolymer with the highest early strength. Furthermore, Redden, Neithalath54 
reported UCS values of approximately 32 MPa for WG activated by 8 M NaOH, cured at 75 °C for 24 h, which 
is comparable to the results of this study.

This observation highlights the significant influence of the A/P ratio on the development of alkaline activation. 
An optimal amount of activator is necessary to initiate the dissolution of solid particles, progressing from the 
outside inward through an alkaline attack95, and to facilitate the mobility of the dissolved phases94,96. However, an 
excessive A/P ratio can lead to a lower degree of binding product formation and increased porosity, consequently 
reducing compressive strength97. This excess can also slow the dissolution and mobility of aluminosilicate phases 
due to increased free water and electrostatic shielding96,98. Therefore, a 10% increase in the A/P ratio from 0.2 
to 0.3 significantly improved alkaline activation and binding formation compared to the further increase from 
0.4 to 0.5, which negatively affected compressive strength due to increased residual water and the formation of 
small pores.

Fig. 7.  (a) Stress-strain behaviour, and (b) UCS values of the samples defined in group I.
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Figure  8a shows the variation in UCS values of GG-K-0.4 and GG-K-0.4-I with increasing aging times. 
Increased aging from 3 to 28 days decreased UCS from 37.9 to 24.5 MPa, followed by a substantial increase to 
65 MPa after 56 days. This increase in strength with extended aging (56 days) can be attributed to enhanced 
precursor dissolution and the formation of binding gels. The initial decrease in UCS at 28 days may be due to 
silica depolymerisation within the alkali gels under ambient humidity. Subsequently, the increasing alkalinity 
promotes further alkaline reactions and gel production, eventually overcoming the initial depolymerisation. 
This suggests that the prolonged curing time at 56 days allowed polymerisation to surpass depolymerisation. 
This trend is consistent with Redden, Neithalath54, who observed a sharp decrease in UCS after 7 days of moist 
curing, followed by a further reduction after 28 days, compared to heat-cured samples (24 h at 75 °C) of WG 
activated by 8 M NaOH solution.

As shown in Fig. 8b, elevated curing temperature significantly influences the alkaline activation of glass after 
56 days of aging. GG-K-0.4-II samples, cured at 65 °C for 48 h, achieved a UCS of 65 MPa, which is 2.6 times 
higher than the average UCS of 25.3 MPa achieved by GG-K-0.4-RT samples cured at room temperature after 56 
days. However, a strength of 25.3 MPa is still practical for soil stabilisation applications. This substantial difference 
demonstrates the significant effect of high temperature on binding gel formation compared to the slower reaction 
kinetics of WG at room temperature. Elevated temperatures promote residual water evaporation and increase 
matrix alkalinity, accelerating alkaline reactions. Conversely, at room temperature, precursor dissolution and 
condensation processes are slowed99. Overall, increased aging time and elevated curing temperature enhance the 
interaction between the alkaline activator and the precursor in dissolution and condensation processes100–102.

Except for GG-K-0.1 and GG-K-0.2, all other UCS values in Group I are significantly higher than the 9 MPa 
reported by Cristelo et al.103 for samples composed of 100% precursor WG. This difference in strength may be 
attributed, at least in part, to differences in the chemical composition of the glass. The WG used by Cristelo et 
al.103 contained 6.12% CaO and 3.94% Al₂O₃. While a lower Al₂O₃ content (0.08%) is found in the WG used in 
this study, it has a higher CaO content (9.5%) and an additional 6% MgO, which can contribute to the alkaline 
reaction and subsequent strength gain104,105.

Group II UCS results
Figure 9a shows how variations in the precursor particle size distribution (GP/GG ratio) affect the stress-strain 
behaviour of pastes prepared in Group II with a constant A/P ratio of 0.4. Increasing the GP/GG ratio (from 
1 to 2.33) resulted in more plastic behaviour and a gradual reduction in both maximum strength and strain at 
peak stress. A less pronounced drop in post-peak mobilised stress was observed with increasing GP/GG ratio. 
This change in stress-strain behaviour corresponded to a decrease in UCS values from 19.3 MPa (GPG-K-1-0.4) 
to 11.4 MPa (GPG-K-1.5-0.4) and further to 4.3 MPa (GPG-K-2.33-0.4). The higher UCS values observed in 
specimens with a higher proportion of finer GG particles compared to coarser GP particles demonstrate the 
effectiveness of finer particle size distributions in promoting alkaline activation and the formation of binding 
gels (Fig. 9b). This aligns with the well-known principle that finer particles possess a higher SSA and reactivity, 
leading to increased release of Si, Ca²⁺, and Mg²⁺ ions, and greater formation of binding gels during alkaline 
activation. Furthermore, the crushing process can introduce micro-cracks that weaken larger glass particles than 
finer particles. This explains why incorporating a greater proportion of larger particles reduced the UCS values, 
which aligns with observations by Samarakoon et al.56that finer WG particles enhance the formation of binding 
products and promote the agglomeration of unreacted glass powder. In addition, a higher proportion of fine 
particles improves particle packing and enhances density106.

Fig. 8.  Variations in UCS with (a) aging time for GG-K-0.4 vs. GG-K-0.4-I and (b) curing temperature for 
GG-K-0.4-I vs. GG-K-0.4-II.
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The UCS of 19.3 MPa is considered moderate strength and is suitable for soil stabilisation, providing sufficient 
strength improvement without excessive stiffening of the subgrade upon careful design. In addition, a GP/GG 
ratio of one reduces the post-processing (grinding) of the GP by half, resulting in a 50% reduction in the energy 
and time required for precursor preparation, thereby significantly reducing the embodied time and energy of 
AAC. Therefore, GPG-K-1-0.4 is selected as the optimum paste mixture for the subsequent stage, where the 
GBAAC is used as a binder for stabilising PS.

Group I SEM/EDX analyses
Figure 10 presents the SEM/EDX results showing the microstructural characteristics of selected pastes from 
group I with different A/P ratios, including GG-K-0.1 (activator deficient), GG-K-0.4 (optimal activator level), 
and GG-K-0.5 (high activator content). The morphology of GG-K-0.1 (Fig. 10a) reveals agglomerated particles 
with unreacted WG and high porosity, resulting in a poorly connected microstructure. This indicates that the 
low activator content (A/P = 0.1) restricted glass dissolution and activation of the glass particles, leading to a 
weaker and less uniform microstructure, which is consistent with the low UCS (4.8 MPa).

Figure 10b and c show the morphology of GG-K-0.4 and GG-K-0.5, respectively, exhibiting homogeneous 
surfaces and well-bonded particles. However, the high activator content in GG-K-0.5 (A/P = 0.5) resulted in 
smoother, glossier surfaces, while the optimal activator content in GG-K-0.4 (A/P= 0.4) promoted improved 
flocculated particle formation. These intrinsically smooth, glossy surfaces have been shown to reduce UCS 
values by decreasing inter-particle friction56, which correlates well with the observed UCS results: GG-K-0.4 
(37.9 MPa) exhibited a higher UCS than GG-K-0.5 (36.5 MPa). The higher alkali content in GG-K-0.5 likely 
increased the number of non-bridging oxygen sites, altering the connectivity of the SiO4tetrahedral network to 
silicate chains, dimers, and monomers, compared to GG-K-0.4, where the optimal alkali content likely reduced 
non-bridging oxygen sites in the silicate 3D frameworks and sheets. The micro-cracks evident in both specimens 
are attributed to shrinkage cracking caused by gel formation during heat curing54.

EDX analysis revealed a very low alumina content in the glass powder, which is consistent with the XRF 
analysis of GP (Al2O3 < 0.08) and likely hindered the formation of N-A-S-H gels. However, the incorporation 
of Ca and Mg is also evident within the produced gels. In GG-K-0.1 (Fig. 10a), Na was the primary element 
involved in the formation of the initial gels, followed by Ca, Mg, and K, suggesting the predominant formation 
of alkali silicate gels. In GG-K-0.4 and GG-K-0.5, the predominant involvement of Na and K, followed by Ca and 
Mg, suggests the dominant formation of alkali/alkaline-earth-silicate-hydrate gels (C/Mg-N/K-S-H). Dissolved 
Si-O⁻ ions primarily react with Na⁺ and K⁺ to form silicate gels. A smaller proportion of Si-O⁻ ions may also react 
with Ca²⁺ and Mg²⁺ to generate C/Mg-N/K-S-H gels.

A key observation from the comparison of GG-K-0.4 and GG-K-0.5 is that the former exhibited a lower Na/
Si ratio and a higher Mg/Si ratio. This suggests a greater incorporation of Mg and a lesser incorporation of Na 
into the binding gels, which is beneficial because it promotes the formation of alkali silicate gels with stronger 
intermolecular bonds and increased hardness. Divalent cations such as Mg²⁺ and Ca²⁺, with their greater 
electrical field strength compared to monovalent alkali ions such as Na⁺ and K⁺, exert a stronger influence on the 
bond strength within the silicate network107. Furthermore, the lower mobility of Mg²⁺ and Ca²⁺ compared to Na⁺ 
and K⁺ can restrict alkali diffusion106. Consistent with these observations, it is well established that high Na₂O/
SiO₂ ratios are associated with inferior mechanical properties107, which explains why GG-K-0.4, with its lower 
Na/Si ratio, exhibited the maximum UCS value.

The effect of prolonged aging time on the microstructural characteristics of the optimised paste was done by 
SEM/EDX analyses on GG-K-0.4-I and GG-K-0.4-II samples. Different morphologies are evident in specimens 
cured at different temperatures. Point 3 in Fig. 11a depicts the presence of Zeolite in the GG-K-0.4-I sample 
initially cured at 65ºC for 48 h before the 56 days aging process starts at room temperature. The Ca/Si ratio of 

Fig. 9.  (a) Stress-strain behaviour, (b) UCS values of the samples defined in group II.
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the aged sample is higher than the young sample (GG-K-0.4 in Fig. 10b), while Mg/Si has showed a little loss 
(points 1 and 4 in Fig. 11a). That is an indication of adsorption of more Ca2+ and less Mg2+in binding gels due to 
the prolonged aging time. In general, the low Ca/Si molar ratio results in the production of sodium silicate gel 
prone to depolymerisation, while the rise in this ratio produces more of the strong bonds. Hamouda, Akhlaghi 
Amiri82 found that the presence of Ca2+ and Mg2+ ions increase the strength of alkaline sodium silicate gels 
which explains the enhanced strength for the 56-day-aged sample. Figure 11b refers to the higher Na/Si and K/Si 
ratios for GG-K-0.4-II compared to the sample cured at elevated temperature (GG-K-0.4-I). This means curing 
at high temperature restricted the participation of alkalis, i.e., Na+ and K+, into the reaction products which is 

Fig. 10.  SEM/EXD results of (a) GG-K-0.1, (b) GG-K-0.4, (c) GG-K-0.5.
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another reason for higher final UCS for GG-K-0.4-I (65 MPa) compared with GG-K-0.4-II (25.3 MPa) after the 
56-day aging.

Group II SEM analyses
Figure 12 presents the SEM results of Group II specimens with three different GP/GG ratio presented in Table 2 
to show how variations in the precursor particle size distribution (GP/GG ratio) affect the stress-strain behaviour 
of the pastes. Figure 12a shows GPG-K-1-0.4 exhibiting a homogeneous morphology. In contrast, Fig. 12b and c, 

Fig. 12.  SEM results of samples prepared in of Group II with GP/GG = 1, 1.4 and 2.33, (a) GPG-K-1-0.4, (b) 
GPG-K-1.5-0.4, and (c) GPG-K-2.33-0.4.

 

Fig. 11.  SEM/EDX analysis of 56-day aged samples: (a) GG-K-0.4-I and (b) GG-K-0.4-II.
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depicting GPG-K-1.5-0.4 and GPG-K-2.33-0.4, respectively, clearly show unreacted WG particles. Specifically, 
Fig. 12c reveals a dispersed morphology with a greater amount of unreacted glass visible as the GP content 
increases. Consistent with the UCS results discussed earlier, the SEM observations indicate that a higher GP/
GG ratio limits precursor reactivity and reduces the formation of alkali-activated gels. The increased inclusion 
of GP, particularly larger particles, leads to a reduced alkaline reaction, limiting interconnections and resulting 
in a less compact microstructure.

Stabilised pumice sand
CBR test results
The CBR test is a widely used laboratory method for evaluating the relative strength of a soil sample by comparing 
its resistance to penetration with that of a standard material, typically crushed stone or well-graded aggregate. 
This test provides valuable information regarding the soil’s capacity to withstand applied loads and suitability 
for various pavement construction applications. Multiple samples were carefully prepared and tested according 
to the standardised CBR test procedure to investigate the strength characteristics of pumice soil stabilised with 
the GBAAC.

Initially, two samples of each mix design were prepared and tested to assess the accuracy of the results. 
Additional tests were performed in some cases to ensure the required precision. Figure 13 shows CBR graphs 
regarding load versus penetration for all samples defined in group III. The consistent stress-strain behaviour 
observed across all sample pairs throughout the penetration range confirms the reliability of the results. Among 
the various mixes, the PS-GPG-K-1-0.4-H samples exhibited the highest ultimate strength, while the PS-L 
samples showed the lowest.

The CBR values presented in Table 3 are the averages of two samples with acceptable accuracy for each mix 
design. These values reflect the load-bearing capacity of the tested soil samples; higher CBR values indicate 
greater strength and load-bearing capacity. Among the tested mix designs, PS-L underperformed at lower 
penetration levels than the other three samples, exhibiting relatively similar performance. At higher penetration 
levels, a consistent and gradual increase in strength was observed from PS-L to PS-H and then to PS-GPG-K-1-
0.4-L. While both GBAAC-stabilised samples outperformed PS-L and PS-H, PS-GPG-K-1-0.4-H demonstrated 
superior performance at higher penetration levels, likely due to the heavy compaction, facilitating optimal 
binding between the AAC and pumice sand particles. This mixture showed strong resistance to penetration and 
high load-bearing capacity, indicating its suitability for heavy load applications.

Mixture ID Avg. CBR2.5(%) Avg. CBR5.0(%)

PS-L 20.88 21.64

PS-H 32.41 32.79

PS-GPG-K-1-0.4-L 33.35 41.98

PS-GPG-K-1-0.4-H 32.50 64.70

Table 3.  CBR test results for stabilised pumice soils defined in group III.

 

Fig. 13.  CBR results for the stabilised PS.
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These results allow for interpretation regarding the impact of several parameters on the strength gain of 
the stabilised PS. The first parameter is the effect of compaction on soil strength, where samples subjected to 
higher compaction efforts using 5-layer compaction exhibit greater strength than those prepared using 3-layer 
compaction. Relevant graphs can also be compared to examine the role of the GBAAC in stabilising pumice soil. 
Across all samples, the CBR graphs demonstrate superior strength gain in samples stabilised using the GBAAC, 
providing evidence of the effectiveness of this binder for stabilising pumice sand in road subgrades. Although 
the graph indicates that the best-performing pairs, PS-GPG-K-1-0.4-L and PS-GPG-K-1-0.4-H, are those 
stabilised using the AAC, further analysis can enhance our understanding of the relatively good performance of 
the mechanically stabilised samples (PS-H) at lower penetration levels up to 2.5 mm. While these results confirm 
the project’s objectives, they also open the door for further investigation, research, and potential application of 
the proposed process in road construction.

Conclusions
This study developed a glass-based alkali-activated cement (GBAAC) for stabilising New Zealand pumice sand, 
enhancing its suitability as a subgrade material for road construction. The optimal mixture was achieved at an 
activator-to-precursor ratio of 0.4, cured at 65 °C for 48 h, resulting in a compressive strength of 37.9 MPa. This 
ratio enhanced particle flocculation and phase mobility, while activator deficiency or excess reduced strength due 
to incomplete dissolution or increased porosity. Strength initially decreased at 28 days due to depolymerisation 
but significantly improved at 56 days due to enhanced precursor dissolution, with elevated temperature curing 
producing 2.6 times higher strength than room temperature curing.

Microstructural analyses indicated the involvement of Na+ and K+, followed by Ca2+ and Mg2+, confirming 
the formation of alkali and alkaline-earth silicate hydrate gels. The optimised particle size distribution of WG, 
consisting of equal proportions of unground and ground particles, offered sufficient compressive strength for 
soil stabilisation while reducing the energy and time required for material preparation.

CBR tests demonstrated substantial improvement in the strength and load-bearing capacity of pumice sand 
stabilised with GBAAC. The highest average CBR5.0 value of 64.70% was obtained when heavy compaction was 
combined with the optimised GBAAC binder, significantly exceeding the 21.67% observed in untreated, lightly 
compacted pumice sand.

While this study demonstrated that room temperature-cured samples achieved sufficient compressive 
strength for practical field applications, further research is recommended to evaluate the long-term durability, 
microstructural evolution, and field performance of ambient-cured GBAAC-stabilised pumice sand. Additional 
testing and analysis are also needed to understand the complex stress-strain behaviour observed at lower 
penetration levels, particularly the relatively strong performance of mechanically stabilised pumice samples (PS-
H) at penetration depths up to 2.5 mm.

Data availability
All data generated or analysed during this study are included in this published article.
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