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Abstract: This study focuses on the effect of ultrafine waste glass powder on cement strength, gas permeability and pore structure. Varying contents were considered, with particle sizes ranging from 2 to 20 μm. Moreover, alkali activation was considered to ameliorate the reactivity and cementitious properties, which were assessed by using scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and specific surface area pore size distribution analysis. According to the results, without the addition of alkali activators, the performance of glass powder mortar decreases as the amount of glass powder increases, affecting various aspects such as strength and resistance to gas permeability. Only 5% glass powder mortar demonstrated a compressive strength at 60 days higher than that of the control group. However, adding alkali activator (CaO) during hydration ameliorated the hydration environment, increased the alkalinity of the composite system, activated the reactivity of glass powder, and enhanced the interaction of glass powder and pozzolanic reaction. In general, compared to ordinary cement mortar, alkali-activated glass powder mortar produces more hydration products, showcases elevated density, and exhibits improved gas resistance. Furthermore, alkali-activated glass powder mortar demonstrates an improvement in performance across various aspects as the content increases. At a substitution rate of 15%, the glass powder mortar reaches its optimal levels of strength and resistance to gas permeability, with a compressive strength increase ranging from 28.4% to 34%, and a gas permeation rate reduction between 51.8% and 66.7%.
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1  Introduction

The cement industry emits substantial greenhouse gases (GHGs), which account for approximately 5% of global GHG emissions [1] and, notably, 26% of CO2 emissions in the industrial sector [2]. Therefore, using alternative binders to replace cement and mitigate CO2 emissions for climate and environmental reasons is crucial [3–5]. Waste glass is a particularly promising option for recycling and utilizing solid waste materials. Waste glass is a nonbiodegradable material with characteristics such as a high melting point. If improperly disposed of, there is a substantial risk of soil and groundwater contamination [6]. In addition to addressing cement-related environmental concerns, utilizing waste glass in construction provides a practical solution for managing glass waste [7,8]. Previous studies have indicated [9–11] that crushed glass powder contains abundant amorphous silica, as well as chemical constituents such as Al2O3 and Na2O, and has a high specific surface area and good latent pozzolanic properties. By utilizing these features, waste glass powder can replace cement and be a promising eco-friendly binder. This method holds significant potential for addressing comprehensive environmental challenges.

The incorporation of waste glass into concrete mortar has been explored since the 1960s. Initially, researchers replaced coarse aggregates in concrete with crushed glass. However, studies [12–16] have shown that glass can trigger an alkali–silica reaction (ASR) in mortar, causing a gel to form and concrete to expand. Subsequent research [17–19] demonstrated that this phenomenon could be mitigated by reducing the particle size of glass. Incorporating micron-sized glass powder as a cement substitute became vital for preventing the ASR. Lu et al. [20] indicated that finer glass powder improved the interfacial transition zone (ITZ) of mortar and refined the porosity. In addition, the percentage of cement that is replaced by glass powder and the curing time also significantly affect the mortar properties. Wang et al. [21] emphasized that the content of glass powder plays a dominant role in the compressive strength of mortar. Olofinnade et al. [22] investigated the strength activity indices and compressive strength of concrete with waste glass powder replacing cement at varying concentrations. The results demonstrated a substantial increase in compressive strength at a 21% glass powder content. Sharifi et al. [23] conducted similar investigations and reported that the peak strength of concrete was reached when the replacement amount of waste glass particles reached 5% during a curing time of 3–91 days. However, when the waste glass content exceeds 20%, the strength begins to decrease. Gimenez-Carbo et al. [24] confirmed these findings, demonstrating that the strength of glass powder mortar significantly surpassed that of the control group at 7, 28, and 60 days.

Glass powder has the same active ingredients, such as SiO2 and Al2O3, as fly ash [25–27], but glass powder has the potential to enhance glass reactivity in gelling systems [28]. For example, Elaqra et al. [29] demonstrated that soaking glass powder before mixing with cement and aggregates enhances early concrete strength. Chen et al. [10] reported that silica fume can enhance the reactivity of glass powder, thus improving the performance of concrete. Moreover, another avenue for enhancing glass powder reactivity lies in alkali activation [30,31]. Glass powder, which is rich in silica dioxide (SiO2), becomes more soluble with increasing pH, leading to sodium silicate gel formation. Research indicates that alkali activation boosts silica dioxide solubility in fly ash, promoting pozzolanic reactions [32]. In contrast to physical mechanical grinding methods, chemical activation can cleave the Si-O and Al-O bonds on a glass surface, enhancing glass powder reactivity. To solve the problem of the low reactivity of glass powder, it is effective to introduce a defined quantity of alkali. Fraay et al. [33] dissolved aluminum and silicon from fly ash using lime solution. Cyr et al. [34] utilized varying concentrations of NaOH and KOH as alkali activators, bolstering the strength of glass powder mortar. Samarakoon et al. [35] combined an alkali-activated binder with fly ash, slag, and glass powder. An optimal mechanical performance was achieved with a 30% substitution rate. Redden et al. [36] discovered that when glass powder is alkali-activated with NaOH, the presence of calcium in sodium calcium silicate glass fosters the formation of a C-S-H gel.

Although numerous works have investigated alkali-activated glass powder mortar, most related studies have focused on its physical, chemical and mechanical properties. However, few studies have focused on the effect of microstructural changes on gas permeability. The connection between the mechanical properties, gas permeability and microstructure development of mortar with glass powder has not yet been revealed. Therefore, in this study, glass powder with a particle size between 2 and 20 μm after ball milling was used to treat glass powder via an alkali activation method, and glass powder was used to replace 5%, 10% or 15% of the cement. The specific variables under investigation include compressive strength, flexural strength, permeability, and pore structure. Using ultrafine glass powder in concrete mortar enhances the properties of the concrete and reveals potential environmental benefits. Activating waste glass also contributes to environmental protection and sustainable development by solving waste glass treatment challenges.

2  Materials and Methods

2.1 Raw Materials and Mortar Preparation

The cement used was Huaxin brand Ordinary Portland Cement (OPC) of grade PO42.5, complying with the Chinese standard GB175-2020 and having a specific surface area of 347 m2/g. The fine aggregate used was local natural river sand with a fineness modulus of 2.63. Fig. 1 shows the particle size distribution curve of the natural sand following the standard “construction sand” GB/T 14684-2022. The glass powder originated from crushed waste glass and was ball milled to an average particle size of 5 to 20 µm. The chemical composition of the waste glass powder was determined using X-ray diffraction (XRD), as Fig. 2 illustrates that the primary constituent of the glass powder was SiO2. The chemical reagent quicklime was analytically pure and in powder form, and the content of calcium oxide (CaO) was ≥95%.
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Figure 1: Natural river sand grading curve
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Figure 2: XRD pattern of waste glass powder after grinding

The glass powder content varied from 0%, 5%, 10%, and 15% by cement mass, as noted in G0, G5, G10, and G15, respectively. Before the glass powder and water are mixed into the mortar, 4% alkali activator was added according to the mass of the glass powder, and the results were recorded as G5A4, G10A4, and G15A4 [37]. The mixing proportions for all the experimental groups are detailed in Table 1. The mixtures were prepared with a water-to-binder ratio of 0.5 and cast into mortar samples of different dimensions: 100 mm × 100 mm × 100 mm cubes, 40 mm × 40 mm × 100 mm prisms and 50 mm × 100 mm cylindrical samples. After preparation, the samples were demolded and cured in 20 ± 2°C water. To investigate the influence of curing age on the mechanical properties and permeability of mortar, curing ages of 7, 14, 28, and 60 days were selected. The 50 mm × 100 mm cylinders were finely ground at both ends using a double-sided grinder and dried at 60°C until the mass change was <0.1%.
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2.2 Experimental Methods

2.2.1 Mechanical Test

According to the standards GB/T 50081-2019 “Standard Test Methods for Mechanical Properties of Concrete” and GB/T 17671-2021 “Test Methods for the Strength of Cement Mortar,” compressive and flexural strength tests were conducted on the mortar specimens. The tests were performed using a cement compressive and flexural testing machine (model number DYE-300S) manufactured by China Changzhou Zhulong Engineering Instrument Co., Ltd. (Changzhou, China), as illustrated in Fig. 3. In the compressive strength test, a cubic specimen is placed at the center of the press plate and is uniformly loaded at a rate of 0.3 MPa/s until the specimen fails. In the flexural strength test, a prismatic specimen is positioned on a cylindrical support in the testing machine, with the long axis of the specimen perpendicular to the cylindrical support. This arrangement facilitates the even distribution of the load along the specimen width direction. The load is uniformly applied vertically to the side of the prismatic specimen at a rate of 50 N/s until it fractures.
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Figure 3: Mechanical test device: (a) compressive strength test; (b) flexural strength test

2.2.2 Gas Permeability Test

Gas permeability tests employed a precise, hermetically sealed gas permeation system imported from France. This instrument, which is a proprietary development of the laboratory, is specifically designed for gas permeability testing [38,39]. This system consists of a confining cell, gas holder and control unit, computer-based data acquisition, and a confining pressure servo pump. It can reach a maximum confining pressure of 60 MPa and measure permeability down to 10−22 m2. The experiment used argon, a colorless, odorless monatomic inert gas that permeates easily in low-permeability media. Three gas pressures (5, 10, and 15 bar) and various confining pressures (3, 5, and 10 MPa) were tested to determine the intrinsic permeability. Fig. 4 shows the device for measuring the gas permeability of mortar materials. Fig. 5 shows a simplified schematic of the gas permeation system employed in the experiment.
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Figure 4: Gas permeation equipment
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Figure 5: Schematic diagram of the gas penetration test device

Gas permeability tests employed the one-dimensional steady-state flow method based on Darcy’s law principle and represented by the simplified equation:


Vx=−KappμdP(x)dx
(1)

where Vx is the average flow velocity of gas along the axis, Kapp is the apparent gas permeability rate, μ is the viscosity coefficient of argon gas (Pa∙s), and P(x) is the function describing the variation in internal gas pressure with sample height.

The experimental procedure involved supplying a stable inlet pressure using a gas storage tank at the inlet port, with the outlet port maintained at atmospheric pressure. Within a certain timeframe, the average flow rate through the sample is determined as follows:


Qmean=VrΔpPmeanΔt
(2)

where Qmean is the average flow rate at the inlet (m3/s); Vr is the volume of the gas storage tank; ∆p is the initial pressure difference between the inlet port and the final pressure; Pmean is the average pressure at the inlet (MPa); and ∆t is the time interval for a constant flow rate.

By combining Eqs. (1) and (2), the formula for calculating the apparent gas permeability coefficient is derived as follows:


Kapp=2μhQmeanPmeanA(Pmean2−P02)Δt
(3)

where h is the height of the sample (mm), A is the cross-sectional area of the sample (m2), and P0 is the atmospheric pressure.

If the average free path of gas molecules approaches the pore size, a phenomenon known as the “boundary slip effect” may occur. This effect is due to slip flow of compressible gas at the capillary wall. The velocity at the pore walls is no longer zero. When the pore diameter is on the same order of magnitude as the mean gas free path, slip flow occurs. Therefore, to measure the intrinsic permeability, Klinkenberg et al. proposed a correction factor denoted as “
β
” to account for the boundary slip effect [40]. After applying this correction to Eq. (3), the intrinsic permeability of the sample can be determined as follows:


Kapp=Kint(1+βPm)
(4)

where Kapp is the apparent gas permeability (m2), Kint is the intrinsic gas permeability (m2), and 
β
is the Klinkenberg factor (MPa).

2.2.3 XRD Test

XRD was conducted using an Empyrean X-ray diffractometer from Malvern Panalyticala, as shown in Fig. 6. The instrument’s high-pressure emitter operated at V = 45 kV and A = 40 mA, with a current-voltage stability better than 0.005%. The 2θ scanning range was set between 5° and 60°, and the scanning speed was 5°/min. Before the test, the dry mortar samples were ground to pass through a 200 mesh sieve. The XRD method was used to obtain diffraction peaks corresponding to the hydration products of the mortar samples.
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Figure 6: X-ray diffraction experimental device

2.2.4 SEM–EDS Test

Scanning electron microscopy (SEM) is a microscopic technique employed for observing the surface morphology and microstructure of materials. Energy dispersive X-ray spectroscopy (EDS) analyzes the elemental composition by detecting X-rays at the sample surface. A Hitachi SU8010 high-resolution field emission scanning electron microscope was used to characterize the mortar samples. Before SEM analysis, the samples were dried in a 60°C oven for 8 h. Thin 5 mm × 5 mm × 2 mm sections were taken from the interior of the mortar samples, subjected to vacuum freezing and gold sputtering, and subsequently analyzed with an instrument. In addition, the microscopic structural differences and elemental variations in three groups of glass powder mortar, G0, G5, and G15A4, were investigated through SEM-EDS analysis. Fig. 7 shows a picture of the SEM-EDS test.
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Figure 7: Picture of the SEM–EDS test

2.2.5 Specific Surface and Pore Distribution Test

The specific surface area and pore size distribution are used to characterize the porous structure and pore size distribution of materials. This experiment utilized a fully automatic specific surface area and pore size analyzer (model number 3H-2000PS1) manufactured by Beijing Best Instrument Science and Technology Co., Ltd., Beijing, China. It is capable of determining the pore size and distribution of glass powder mortar materials, as shown in Fig. 8. Before the experiment began, the glass powder mortar was dried in a 65°C oven for 24 h or more. The samples were then cooled to room temperature and placed on a degassing platform. Pretreatment included heating at the degassing station for 3 h at 120°C to remove absorbed moisture, impurities, and substances. After degassing, the samples were placed on the testing platform. Liquid nitrogen with a purity >99.99% was used, and the temperature was −196°C. The pore volume and pore size distribution were determined by the Barrett–Joyner–Halenda (BJH) method.
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Figure 8: Specific surface and pore size analysis instrument

3  Results and Discussion

3.1 Mechanical Properties

3.1.1 Effect of the Curing Age

Fig. 9 illustrates the strength variation between different curing ages. Cement mortar exhibits an overall increasing trend in compressive and flexural strength as the curing age increases. Without alkali activation, the glass powder mortar exhibited a lower average strength than the control mortar at 7, 14, and 28 days. Notably, the mortar with 5% glass powder has a greater strength than the control group at 60 days. Incorporating waste glass powder into the mortar improved its strength at a later stage. This is mainly because of the nature of waste glass powder and its higher specific surface area compared to cement, which densifies the microstructure of the mortar by filling, improving the transition zone (ITZ) between the aggregate and cement. However, when the waste glass powder content exceeded 10%, the strength decreased. During the hydration process, excessive silica leaching may occur due to the presence of more waste glass than is required in combination with free lime. This excess silica replaces the binder material, reducing the concrete strength [23]. Glass powder mortar with an alkaline activator consistently exhibited higher strength across all curing ages than did the control group, signifying greater reactivity. Notably, the strength increase is prominent in the early stages (7–14 days), possibly due to alkaline activators initiating waste glass activation. Active SiO2 reacts with Ca(OH)2 from cement hydration, forming hydrated calcium silicate and other precipitates on glass particle surfaces and enhancing cohesiveness and strength. Although the strength development at 28 days and 60 days was not as pronounced as that at early ages, as the duration of curing increased, Ca2+ ions continued to diffuse into the interior through the surface of the glass particles and precipitate on their surfaces, exerting a pozzolanic effect. The flexural strength curve closely aligns with the compressive strength curve. Generally, the G15A4 group exhibited the highest strength, followed by the G5 group without alkali activation. There are still slight discrepancies in achieving optimal flexural and compressive strength for glass powder mortars at certain curing times and replacement levels. A difference in flexural and compressive strength could be the result of different mechanisms. As a result of interparticle bonding within the mortar, flexural failure is primarily caused by tension [41]. On the other hand, compressive failure is caused by pressure, which is determined by the strength of individual particles and interparticle bonding within the mortar. Therefore, this disparity might have divergent impacts on the flexural and compressive properties of the mortar.
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Figure 9: Development law of glass mortar strength with curing age

3.1.2 Effect of the Activator

Fig. 10 shows the effect of the activator on the mortar strength at various ages with varying glass powder contents (0%–15%). Glass powder is primarily composed of SiO2, an acidic oxide with weak alkaline properties. With alkali activators, the acid–base equilibrium of the mortar system can be adjusted, and the alkalinity can be elevated, which enhances the hydration activity of glass powder. In an alkaline environment, SiO2 in glass powder reacts with hydroxide ions (OH−) in water to form calcium silicate hydrate (C-S-H). The hydration reaction has a high activation energy, generating additional hydration products.
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Figure 10: Effect of activator on compressive strength of glass mortar: (a) 7 days; (b) 14 days; (c) 28 days; (d) 60 days

The compressive strength decreases with increasing glass powder content. Despite the similar performance of G5 to that of the control group (G0), after 60 days of curing, the compressive strength reached 45.5 MPa. This is due to the small particle size of the glass powder, which can effectively fill voids within a certain amount, enhancing the compactness of the mortar and consequently increasing its strength in later stages. However, when an excess of glass powder is added, the alkalis in the glass powder and cement can easily undergo alkali–silica reaction (ASR) expansion with the SiO2 in the glass powder. Compared to that of the control group (G0), the compressive strength of the G10 and G15 groups decreased by 9.2%–16.5% and 10.3%–22.5%, respectively, during the curing process. Even if the water-to-binder ratio remains constant, an increase in the glass powder content results in a decrease in the cement content, which subsequently elevates the water-to-cement ratio. Since porosity is related to the water-to-cement ratio, a higher porosity may have an adverse effect on compressive strength [42]. This could also explain the decrease in compressive strength observed in the G10 and G15 groups.

Increasing the glass powder content reduces the strength of glass powder mortars; however, alkali activators may ameliorate this phenomenon. The strength of the activated glass powder mortar increased with increasing glass powder content at all curing ages. Compared to those in the control group (G0), the G5A4, G10A4, and G15A4 groups exhibited strength enhancements of 13.4%–25.7%, 21.1%–36.2%, and 28.4%–34%, respectively. This phenomenon may stemmed from the incorporation of calcium oxide, which elevated the alkalinity of the overall composite system. Glass powder has a stable [SiO4]4− network structure that prevents its reactivity from being easily released. However, when activated in an alkaline environment, it initiates the formation of active Si-O, giving rise to the (C-S-H) gel. This process can be divided into two steps: initially, calcium oxide reacts with water, generates lime and undergoes curing, with the resulting Ca(OH)2 deemed an intermediate product (this reaction is delineated in Eq. (5)). Subsequently, the glass powder underwent a secondary hydration reaction with Ca(OH)2, as illustrated in Eq. (6). Consequently, the addition of alkaline activators can accelerate the hydration reaction of cement, producing additional hydration products, which helps to improve strength [11]. Mortars containing 15% activated glass powder (G15A4) demonstrated optimal strength after 28 days of hydration. However, as shown in Fig. 10d, with a curing time of up to 60 days, the activator effect diminishes, and the mortar with a 10% content (G10A4) exhibits the greatest strength. This could be attributed to the increased amount of Ca(OH)2 generated from the reaction between CaO and water as hydration progresses. At this point, the Ca(OH)2 generated could have reached saturation and crystallized, leading to expansion in the composite mortar system. In summary, alkali-activated glass particles play a role in enhancing the cohesiveness and strength of cementitious materials. The application of these active glass particles could enhance the mechanical properties and durability of the materials.


CaO+H2O→Ca(OH)2
(5)


SiO2+Ca(OH)2→n1CaO⋅SiO2⋅n2H2O(C−S−H)
(6)

3.2 Gas Permeability

Table 2 and Fig. 11 show the gas apparent permeability (K) of all test samples under a constant confining pressure (Pc) of 3, 5, and 10 MPa subjected to three different inlet pressures (Pi) of 5, 10, and 15 bar. The gas apparent permeability was determined using Eq. (3).
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Figure 11: Relationships between the inlet pressure and apparent permeability of glass mortar: (a) G0, (b) G5, (c) G10, (d) G15, (e) G5A4, (f) G10A4, and (g) G15A4

Based on the gas apparent permeability presented in Table 2 and Fig. 11 and in conjunction with the Klinkenberg theory, the intrinsic permeabilities of the samples are corrected using Eq. (4). This is shown in Table 3.
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3.2.1 Variation in the Intrinsic Permeability of Glass Mortars

A variation relationship curve for the intrinsic permeability of glass powder mortar is shown in Fig. 12. Glass powder mortars, whether activated or nonactivated, exhibit contrasting trends in gas permeability coefficients with increasing glass powder content. The permeability of the control group (G0) at an initial confining pressure of 3 MPa is 2.191 × 10−17 m2. Mortars containing 5%, 10%, and 15% glass powder have permeabilities of 2.135 × 10−17 m2, 2.377 × 10−17 m2, and 3.238 × 10−17 m2, respectively. The permeability of Group G5 was similar to that of the control Group G0, indicating that glass powder can replace cement and serve as a filler under certain circumstances. Nevertheless, an excessive glass powder content restrains pozzolanic reactivity and has negative effects. According to Fig. 12, the permeability of Group G10 increases slightly, whereas with an increase in the glass powder content to 15%, the permeability significantly increases. It is important to note that waste glass powder has limited activity, and an excessive amount may not have the ability to participate effectively in the cement hydration process. The hydration reaction becomes insufficient when cement is replaced by excess glass powder, resulting in a more porous structure. Consequently, as the glass powder content increases, the gas permeabilities of Groups G10 and G15 increase significantly.
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Figure 12: Changes in the intrinsic permeability of glass mortar

Activated glass powder exhibits characteristics different from those of nonactivated samples. As the glass powder content increases, the gas resistance significantly improves, especially in Groups G10A4 and G15A4, where the gas permeability changes by an order of magnitude under varying confining pressures. Compared with the control group, G15A4 exhibited the greatest resistance, with a reduction in gas permeability of 51.8% to 66.7%. Activated glass powder demonstrates enhanced reactivity as a result of alkali activation, which results in a more thorough reaction with the Ca(OH)2 generated during cement hydration. Through pozzolanic reactions and the glass powder filling effect, the mortar porosity is reduced, the pore size distribution is optimized, and the cement mortar is densified. Evidently, activated glass powder effectively alters mortar gas permeability, regulating and enhancing mortar concrete durability. In Fig. 13, the relationship between the intrinsic gas permeability and compressive strength is shown under an initial confining pressure of 3 MPa. The figure illustrates the linear relationship between the intrinsic gas permeability and compressive strength. This study revealed that these two parameters exhibit a linear decreasing trend, with a high coefficient of determination (R2 = 0.9336), which is indicative of a strong correlation between them. This study suggested that the compressive strength of glass powder mortar decreases with increasing intrinsic gas permeability. An elevated gas permeability implies an increased number of interconnected pores within the mortar, leading to a more porous internal structure. The porous structure of mortar reduces its compressive strength and weakens its mechanical performance. As a result, we can evaluate the degradation pattern of the mechanical properties of mortar by investigating its gas permeability. This means that gas permeability can be used to predict glass powder mortar compressive strength, which facilitates its evaluation and optimization.
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Figure 13: Linear fitting of the intrinsic permeability and compressive strength under the initial confining pressure

3.2.2 Effect of Confining Pressure on Intrinsic Permeability

As shown in Fig. 14, the confining pressure significantly influences the gas permeability of glass powder mortar. All the samples exhibit the highest gas permeability at low confining pressures, which gradually decreases as the confining pressure increases. As the confining pressure increases from 3 to 5 MPa, the gas permeabilities of the samples decrease by 22.2%, 10.5%, 5.6%, 13.6%, 6.7%, 17.8%, and 35.3%. When the confining pressure is increased from 5 to 10 MPa, the gas permeabilities decrease by 20%, 14%, 6.4%, 8.3%, 11.3%, 16.6%, and 33.5%. The impact of confining pressure on the gas permeability of glass powder mortar primarily stems from alterations in the internal pore structure of the mortar. Glass powder mortars experience compression under confining pressure, resulting in reduced volume and internal structural contraction. In this way, pores, fissures, and permeable pathways are closed, resulting in a decrease in gas permeability. In addition, the gas permeability decreases fastest when the confining pressure increases from 3 to 5 MPa. Upon an initial confining pressure of 3 MPa, the sample’s internal pores are most relaxed, presenting numerous interconnected pores and pathways for gas to permeate. Therefore, the most significant permeability change occurs during this phase. As the confining pressure increases, larger pore channels and structural features within the sample are already closed. Because of the limited changes in the internal pore structure, the changes in gas permeability at higher confining pressures are more gradual. It is evident that the gas permeability and durability of glass powder mortar are not only determined by its inherent pore structure but also affected by the mechanical environment, such as the confining pressure.
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Figure 14: Relation between the inherent permeability of glass mortar and confining pressure

3.3 XRD Analysis

The crystalline phase composition of the hydration products in the mortar samples containing glass powder was studied via XRD. As shown in Fig. 15, the XRD spectrum represents glass powder mortar samples. The different groups of glass powder mortar samples exhibited similar diffraction peaks, indicating similar compositions of hydration products, including ettringite, silica (SiO2), calcium hydroxide (Ca(OH)2), and calcium sulfate hydroxide (C-S-H).

[image: images]

Figure 15: XRD patterns of the glass mortar samples

The diffraction peak 3 represents the formation of ettringite, indicating that the material ratios used generated ettringite substances. As mentioned earlier, glass powder contains a large amount of amorphous silica, and in an alkaline environment, glass powder can exhibit higher reactivity. Silica reacts with the Ca(OH)2 generated by alkali-activated glass powder mortar to undergo pozzolanic reactions for secondary hydration. Therefore, the consumption of Ca(OH)2 is an important indicator of the degree of volcanic ash reaction in the material matrix [43]. Additionally, an increase in the content of alkali-activated glass powder will reduce the amount of cement available for hydration reactions, leading to a reduction in Ca(OH)2 [44]. These two factors together led to smaller CH diffraction peaks for G5A4, G10A4 and G15A4 than for the other groups, and with increasing glass powder content, the CH diffraction peak intensity of the alkali-excited glass mortar gradually decreased (G5A4 > G10A4 > G15A4). Diffraction peak 1 represents SiO2, and each group of glass mortar in the figure shows a strong SiO2 peak, which may be caused by the high content of SiO2 in the sand in the mortar, so the C-S-H peak packet of diffraction peak 2 appears relatively low. Compared with that of the control group (G0), the diffraction peak 1 (SiO2) of the other groups was more intense because the main component of the glass powder was SiO2, resulting in a high SiO2 peak in the sample with added glass powder. When silica is released into the solution, it undergoes a pozzolanic reaction with Ca(OH)2, generating a large amount of dense C-S-H gel. This C-S-H gel structure can effectively fill pores and improve the strength of the mortar. The figure shows that the peak corresponding to diffraction peak 2 (C-S-H) is the highest in G5A4, G10A4 and G15A4. This is consistent with the results of the mechanical experiments; after alkali activation, the three groups of glass powder exhibited greater strength.

3.4 SEM–EDS Analysis

Fig. 16 shows the microstructure of the glass powder mortar after 28 days of curing for the different sample sizes. The internal morphology of the mortar exhibited a variety of hydration products, including lamellar and plate-like calcium hydroxide (Ca(OH)2), needle-like ettringite, and flocculent calcium silicate hydrate (C-S-H). Additionally, microcracks can be observed, and these microstructural features significantly affect the mortar properties. Fig. 17 shows EDS comparison images for the control group (G0), the G5 group demonstrating optimal performance in mechanical and gas permeability tests, and the G15 group exhibiting optimal performance after activation. This figure shows the results of energy dispersive X-ray spectroscopy (EDS) used to analyze and compare the major elements within the mortar samples.
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Figure 16: Scanning electron microscopy images of glass mortar samples: (a) G0, (b) G5, (c) G10, (d) G15, (e) G5A4, (f) G10A4, and (g) G15A4
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Figure 17: Scanning electron microscopy-energy dispersive X-ray spectra of (a) G0, (b) G5, and (c) G15A4

Fig. 16a shows that the microstructure in the control group is relatively compact, with only a small amount of needle-like ettringite crystals and Ca(OH)2 products. There are several pores and cracks within the mortar, and the C-S-H gel appears flocculent. Compared to the mortar with 5% glass powder content (Fig. 16b), the mortar with 5% glass powder content has more hydration products and a greater generation area of ettringite and calcium silicate hydrate. As the glass powder content increases from 10% to 15% (Figs. 16c and 16d), the amount of capillary water decreases due to the adsorption of water by the glass powder, causing the cement to require additional water for hydration. Cement hydration and pozzolanic reactions are somewhat restricted. A mortar containing a high content of glass powder still produces hydration products, but the internal structure becomes more porous, resulting in an increase in the number and size of pores. The results of the mechanical tests and gas permeability tests mentioned above are consistent with this conclusion; microcracks and pores result in decreased strength, and increased microcracks adversely affect gas permeability. Figs. 16e–16gshow the results of activation treatment on glass powder mortar, which has a denser structure with fewer internal pores and microcracks. The content of Ca(OH)2 in the glass powder treated with alkaline excitation significantly decreased, which can also be observed in the XRD pattern (Fig. 15). This suggests that alkali activators not only enhance the hydration of cement but also promote pozzolanic reactions in glass powder, resulting in secondary hydration reactions that enhance the strength of the system. When too much glass powder is added to the mortar, a porous microstructure is formed, inhibiting the pozzolanic effect of the powder. As a result of the alkaline activation treatment of glass powder, this phenomenon can be ameliorated, thus allowing the aggregate filling and pozzolanic effects of the glass powder to be fully utilized.

Fig. 17 shows the results of the EDS analysis, with red markers indicating the test points. In Fig. 17a, the cement mortar of the control group contains primary elements such as C, O, Al, Si, and Ca. By substituting glass powder for cement, the predominant elemental composition of the cement mortar does not change (Figs. 17b and 17c). Notably, there was a change in the calcium-to-silicon ratio (Ca/Si) of the hydration products throughout the system. This ratio indirectly reflects the extent of cement hydration, and the reaction between waste glass powder and the pozzolanic Ca/Si ratio can be used to determine the degree of reaction between cement and waste glass powder in mortar. Understanding the activity of glass powder in mortar and its interaction with cement is highly important. According to Eq. (7), the hydration reaction of cement primarily produces calcium silicate hydrate (C-S-H) and calcium hydroxide (Ca(OH)2). However, glass contains a significant amount of amorphous silica. Amorphous silica is the most prominent pozzolanic component. A secondary hydration reaction is induced by the reaction of glass with calcium hydroxide released during cement hydration, leading to the formation of secondary calcium silicate hydrates, as demonstrated in Eq. (6). In Figs. 17b and 17c, pozzolanic reactions occur when glass powder is used as a supplementary cementitious material to replace a portion of the cement in the mortar. It consumes Ca2+ and OH- in the mortar system and reacts with reactive amorphous silica, which decreases the Ca/Si ratio during cementing. In particular, the Ca/Si ratio in the G15A4 group was even lower (Fig. 17c). Two potential reasons might contribute to this phenomenon. First, the addition of glass powder reduces the actual cement content, resulting in a reduced contact area between the cement particles and water, thereby lowering the content of Ca(OH)2. Second, the pozzolanic reaction involving SiO2 in glass powder consumes Ca(OH)2 and generates additional C-S-H, which is observed to exhibit a flocculent structure on a microscopic level. This structure also increases the material density and reduces the number of internal pores. In summary, glass powder plays a critical role in the reduction of Ca(OH)2 content. It also promotes the formation of C-S-H and ettringite, thereby increasing the microstructural properties of the material. As a result of these changes, the mortar density and permeability are improved, thereby enhancing the mortar’s mechanical performance and durability.


C3S+H→C−S−H+Ca(OH)2
(7)

3.5 Pore Structure Analysis

A high porosity adversely affects the mechanical properties of cement-based materials. Generally, materials with high porosity contain a significant number of void spaces, contributing to a loose structure and thereby restricting the materials’ performance under load-bearing conditions. Moreover, the distribution of pore sizes plays a crucial role in determining both the strength and permeability of mortar [45]. The uneven distribution of pore sizes can lead to the concentration of internal stresses within the material and discontinuities in diffusion paths. This phenomenon could result in nonuniform strength or localized damage to the material. The distribution of pore sizes determines the pathways for fluid or gas flow and diffusion within a medium. Unreasonable pore size distributions may increase the susceptibility to permeation or increase the rate of permeation, ultimately compromising the material’s durability. By using the BJH method, pore size data were determined for glass powder mortars. As indicated in Table 4, D10 and D90 are the pore diameters corresponding to 10% and 90% of the cumulative pore volume, respectively. When the glass powder content of the waste glass powder mortar increased, the pore diameter increased. Although mortars with 5% and 10% substitution have smaller pore diameters than those of the control group, the D90 pore diameter of the G15 group is 3.2676 nm larger than that of the control group. On the other hand, the pore diameters of glass powder mortars subjected to activation tend to decrease with increasing glass powder content and are smaller than those of control mortars. When the content reaches 15%, the D90 pore diameter is 6.278 nm smaller than that of the control group. Similar variations are observed in the data for the average pore diameter, which indicates that glass powder reduces the average pore diameter of mortar. These findings show that active excitation treatment can improve the internal compactness of mortar, which further verifies that active excitation treatment can improve the microstructure of mortar, improve its compactness, and consequently enhance its mechanical properties.

[image: images]

Fig. 18 shows the pore size distribution curve obtained using the BJH method, and it is evident that the pore sizes range between 1 and 135 nm for all the samples. Among the control group mortars, the pore sizes are primarily within the range of 4–5 nm. Conversely, the pore size curves of the various glass powder mortars exhibit similar characteristics, with pore sizes ranging primarily between three and four nanometers. The presence of glass powder indicated that the released calcium hydroxide was consumed to produce additional C-S-H (pozzolanic effect). The formation of secondary hydration products can fill larger pores and microcracks with microporous products. Glass powder has a smaller particle size than cement; even if it is not fully engaged in the pozzolanic reaction, it can still serve as an aggregate filler. The internal pores of all the glass powder mortars gradually transition to the range of medium to small pores, resulting in a decrease in the number of pores of 4–5 nanometers and a slight increase in the number of pores of 3–4 nanometers. The incorporation of glass powder appears to improve the pore structure of the mortar and increase its density by improving its pore distribution. Thus, the pore structure can be optimized in a way that enhances the durability and mechanical performance of the mortar, thus enhancing its overall properties.

[image: images]

Figure 18: Pore diameter distribution curve of each group of mortar samples obtained via the BJH method

Fig. 19 illustrates the relationship between the porosity and BJH porosity of mortars from different groups, where the porosity is determined by the water saturation method. It can be observed that glass powder mortars exhibit a slight increase in porosity with the increase in substitution rate; however, glass powder mortars subjected to activation treatment exhibit a decrease in porosity. Generally, this phenomenon can be attributed mainly to the presence of an appropriate amount of glass powder and activated glass powder, which undergo a pozzolanic reaction with the cement hydration product Ca(OH)2, resulting in a secondary hydration reaction. The secondary hydration product C-S-H can fill larger internal pores, resulting in a compacted pore structure and a reduced porosity. As the glass powder content increased between 10% and 15%, the reactivity of the excess glass powder decreased due to the lack of activation treatment. As a result of inadequate hydration reactions, the internal structure of the mortar becomes porous and cracked, resulting in a slight increase in porosity. Similarly, there is consistent variation in the change in pore volume. Glass powder induces a secondary hydration reaction that produces hydration products to fill the fine pores in the mortar, thereby reducing the pore volume. Secondary hydration products reduce the diameter of pores by increasing the tortuosity of the pore structure through the refinement of the size of the internal pores. In the G10 and G15 groups, glass powder exhibited a lower degree of hydration than cement, which led to poor bonding between particles and an increase in porosity. In conjunction with the results of the gas permeability test, the permeability of the 15% substitution ratio glass powder mortar material (without activation treatment) increases significantly as the porosity increases and the pore diameter increases. With increased porosity, there is more space for medium transmission and a reduction in slippage effects during gas transmission.

[image: images]

Figure 19: Porosity and pore volume of glass mortar

As a result of the analysis of porosity and pore volume, coupled with gas permeability tests, glass powder contributes significantly to the mortar pore structure and permeability. The addition of an appropriate amount of activated glass powder to cement mortar can significantly enhance its mechanical performance and permeability. The alkali activation of glass powder stimulates the hydration reaction, enabling it to undergo a pozzolanic reaction with cement and produce secondary hydration products. This process fills the larger pores and microcracks, enhancing the compactness and strength of the mortar. These findings provide valuable insights into the design and optimization of mortar materials.

4  Conclusions

Alkali activated glass powder with CaO was used as a replacement for cement. The strength, permeability and pore structure of mortars cured underwater for different curing ages were studied. The main conclusions are as follows:

1. The compressive and flexural strengths of glass powder mortar increase with increasing curing age, with early-stage strength development occurring faster than later-stage strength development. Moreover, alkali-activated glass powder mortar exhibits higher reactivity and strength.

2. Alkali-activated glass powder mortar is more resistant to gas flow when the glass powder content is the same. The higher the glass powder content without active excitation was, the worse the gas permeability. Additionally, the confining pressure has a significant impact on gas permeability.

3. SEM/EDS analysis, specific surface area and pore size tests revealed that glass powder incorporation induced pozzolanic reactions and aggregate filling effects within the mortar. Glass powder mortars develop stronger microstructures and smaller pore sizes as the Ca/Si ratio decreases. Among the various glass powder mortar compositions, G15A4 exhibited the most impressive performance in terms of all aspects, as it had the smallest pores and the highest strength.

The above findings offer key insights into cementitious mortar design and optimization. An excessive glass powder content may increase the number of pores and microcracks, adversely affecting mortar performance. However, this study examined only one type of alkali activator. Future research could examine the effects of diverse alkali activators on glass powder performance and consider various supplementary materials to enhance mortar performance.
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Table 3: Inherent permeability of glass mortar under different confining pressures

Confining pressure

Group 3 MPa 5 MPa 10 MPa

GO 2.191 x 107V 1.704 x 107" 1.363 x 1077
G5 2.135 x 107"/ 1.911 x 107" 1.644 x 107
G10 2.377 x 107 2.242 x 107V 2.098 x 107Y7
G15 3.238 x 107" 2.799 x 107" 2.566 x 1077
G5A4 1.447 x 107 1.349 x 1077 1.196 x 107
G10A4 1.306 x 1077 1.074 x 1077 8.962 x 107!®
G15A4 1.056 x 1077 6.832 x 10718 4.539 x 1071®
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Table 4: Analysis results of the pore size of the glass mortar

Group Cumulative pore Mean hole D10 hole D90 dole Porosity (%)
volume (ml- g !) diameter (nm) diameter (nm) diameter (nm)
GO 0.0946 7.5376 3.3043 31.6648 18.45
G5 0.0981 6.7275 3.3295 29.9584 18.65
G10 0.1019 6.6543 3.4273 30.4313 19.24
G15 0.1053 7.1443 3.5863 34.9415 20.06
G5A4 0.0756 6.6626 3.2944 29.8057 17.53
G10A4 0.0703 6.4924 3.2478 28.7233 17.06
G15A4 0.0629 6.1740 3.1616 25.3865 16.59
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Table 1: Mixture ratios of the glass powder mortar

Sample ID Waste glass powder Waste glass Cement (g) Water (g) Sand (g) Alkaline activator (g)

content (%) powder (g) Calcium oxide
GO 0% 0 450 225 1350 /
G5 5% 22.5 427.5 225 1350 /
G10 10% 45 405 225 1350 /
G15 15% 67.5 382.5 225 1350 /
G5A4 5% 22.5 427.5 225 1350 0.9
G10A4 10% 45 405 225 1350 1.8

G15A4 15% 67.5 382.5 225 1350 2.7
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Table 2: Gas apparent permeability of glass mortar under different confining pressures and different inlet

pressures
Group Confining Inlet pressure (bar)
MP
pressure (MPa) Pi=5 Pi = 10 Pi=15
GO 3 3.589 x 1077 2.944 x 107" 2.625 x 107V
2.664 x 1077 2.225 x 107V 2.001 x 107
10 2.201 x 107V 1.831 x 107V 1.613 x 107V
G5 3 3.777 x 107V 2.937 x 107V 2.694 x 107V
3.420 x 107V 2614 x 107Y 2.445 x 107V
10 3.222 x 107V 2.559 x 107V 2.096 x 1077
G10 3 3.831 x 107V 3.131 x 107V 2.808 x 107V
3.527 x 107V 2.988 x 107!/ 2.610 x 1077
10 3.345 x 107 2769 x 1077 2.477 x 107V
Gl15 3 4.464 x 107 3.848 x 10717 3.648 x 1077
3.625 x 107V 3.221 x 1077 3.070 x 1077
10 3.565 x 1077 3.150 x 107V 2.850 x 1077
G5A4 3 2518 x 107V 2132 x 107V 1.715 x 107V
2314 x 107V 1.809 x 107"/ 1.685 x 1077
10 2.186 x 1077 1.618 x 107V 1.569 x 1077
G10A4 3 2270 x 107V 1.940 x 107V 1.537 x 107"
5 2.164 x 107" 1.677 x 107" 1.403 x 107"
10 2.130 x 107Y 1.536 x 10°Y 1.294 x 107V
G15A4 3 1.799 x 107 1.393 x 107V 1.3241 x 107
5 1.284 x 107V 1.009 x 107V 8.686 x 1078

10 5.572 x 107V 5.160 x 107'8 4.822 x 10713
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