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Abstract

:

Cement production has the largest carbon-footprint since it leads to the release of carbon dioxide and enormous energy consumption. Therefore, scientific research is being conducted worldwide on the possibility of using other materials that can be used as a cement substitute. A potential alternative material is glass powder. This paper present research results on the use of glass powder as a partial cement replacement with a substitution level of 0–20%. The pozzolanic activity and the influence of glass powder on cement hydration were analyzed. The porosity, the microstructure of the interfacial transition zone and the compressive strength of mortar were also investigated.
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1. Introduction


Concrete is the most-often-used construction material, and in the largest quantities, all over the world. The production of concrete significantly impacts the environment, as it consumes major amounts of fossil fuels and raw materials and is energy-intensive. Cement production has the largest carbon-footprint since it leads to the release of carbon dioxide and enormous energy consumption. The production of one ton of cement leads to emissions of about 0.8 tons of CO2 into the atmosphere. Therefore, alternative materials that can substitute cement as a binder in concrete production are currently being sought. Researchers are mostly focused on the use supplementary cementitious materials (SCM) as a partial or complete replacement of cement in mortar and concrete production, i.e., fly ash, slag and silica fume. The use of SCMs contributes to improving the material properties and durability and also brings economic and ecological benefits. However, the decarbonization policy, the transformation towards alternative renewable energy resources and the departure from coal combustion significantly reduce the availability of fly ash [1]. The worldwide slag supply is also quite limited compared to the demand for concrete production [2]. Therefore, scientific research is being conducted worldwide on the possibility of using other materials that can be used as an SCM in the production of concrete as a substitute for cement.



One of the potential alternative materials is recycled powder glass. Glass is a very common material used for the production of everyday appliances such as glasses, dishes and windowpanes, as well as for the production of glass packaging: bottles and jars. Due to the limited-service life, these products must be recycled or landfilled. It has been estimated that the annual worldwide volume of waste glass stored in landfills is about 200 million tons [3]. According to the European Container Glass Federation, the average collection for the recycling rate for glass packaging reached the rate of 78% in 2019 [4]. The unrecycled glass is stored in landfills, causing environmental problems. In recent decades, there has been increasing interest in the use of waste glass as a substitute for cement [5,6,7]. The utilization of ground glass in construction production allows for effective waste management and contributes to the reduction in waste glass volumes in landfills, which is currently a serious problem [8,9]. Most of all, it reduces the consumption of natural resources and greenhouse gas emissions. Previous research related to the assessment of the use of powder glass in cementitious composites revealed that an up to 10–30% replacement of cement with glass powder led to no significant deterioration or even an improvement in the properties and durability of mortar and concrete [10,11,12,13,14,15]. The effect of glass powder on the properties of cement composites depends mainly on the fineness of the glass and is more pronounced in the later curing time [3,8,11,16,17]. Researchers observed a decrease in the mortar and concrete compressive strength in the early curing time with an increase in the substitution level of cement with glass powder. However, in the later curing time, a comparable compressive strength to that of the control cement composites or even a slight increase in strength were reported [12,18,19,20]. Compressive strength improvement is associated mostly with the filler effect of glass powder, which leads to the formation of a denser and less permeable cement matrix.



The effect of glass powder on the properties of cementitious composites is related not only to the filler effect but also to the pozzolanic activity [12,13,19,21,22,23,24,25,26]. The amorphous structure of glass enables its dissolution in a highly alkaline pore solution and acts as a pozzolana in the cement matrix [27,28,29,30]. The pozzolanic reactivity of glass powder increases with the decreasing particle diameter [12,16,31]. The pozzolanic reactivity of glass powder contributes to the formation of C-S-H phases, which, in turn, leads to the densification of the cement microstructure. Thus, the compressive strength increases as the glass powder amount increases.



This paper presents research results on the use of glass powder as a partial cement replacement with a substitution level of 0–20%. The pozzolanic activity and influence of glass powder on cement hydration were analyzed. The porosity, the microstructure of the interfacial transition zone and the mechanical properties of mortar were also investigated. Due to the relatively low pozzolanic activity of the glass powder, its effect on cement hydration is small. The replacement of cement with ground glass up to 10% does not lead to the deterioration of mortar properties. In the later curing time, a slight increase in the mortar compressive strength with the glass powder addition was observed. The influence of glass powder on cement hydration and mortar properties is related mainly to the filler effect and the heteronucleation of the C-S-H phase on the glass powder surface.




2. Materials and Methods


2.1. Materials


Mortar samples were prepared with ordinary Portland cement CEM I 42.5 R, which complies with the requirements of European Standard EN 197-1. The Blaine fineness of cement is about 4100 cm2/g, and the specific gravity is 3.15 g/cm3. The chemical and mineral compositions of cement are given in Table 1. Chemical analysis of the used raw materials was performed with the XRF method (WDXRF AxiosmAX spectrometer, Malvern Panalytical). The mineral composition was calculated in simple form, taking into consideration the relation between the main oxides in the cement clinker.



CEN Standard quartz sand and de-ionized water were used for all mortar mixtures. The glass powder used in this study is a post-consumer by-product derived from recycled white glass (bottles and jars). The glass, after preliminary crushing in the crusher, was ground in a laboratory mill to a Blaine fineness of about 2700 cm2/g. The median particle size of the powder glass is about 20 µm, and the specific gravity is 2.31 g/cm3. The results of the chemical composition of the waste glass analysis are presented in Table 2.



The scanning electron microscope images of powder glass are shown in Figure 1.




2.2. Mixture Proportion and Preparation


The influence of glass powder on cement hydration was analyzed by preparing cement paste with 10% glass addition. To investigate the mechanical properties and microstructure of mortar, five mixtures were prepared, with different amounts of glass powder used as a partial cement substitution, i.e., 5%, 10%, 15% and 20% by cement mass. The composition of each mixture is presented in Table 3. The control mortar was marked as M0 (mortar without glass powder), and the experimental mortars were named, accordingly, M5, M10, M15 and M20, where the number indicates the cement replacement with the glass powder. All mixtures were prepared in accordance with European Standard EN 196-1, placed into 40 × 40 × 160 steel prim molds and consolidated by external vibration. The mortar samples after demolding were cured in water and at 20 ± 1 °C until the testing time.




2.3. Test Methods


The pozzolanic activity of glass powder was assessed by chemical and mechanical methods. The chemical method is based on the determination of the soluble silicon and aluminum oxides content in the glass powder in the NaOH solution. The physical method is based on the determination of the Strength Activity Index (SAI), which is the ratio of the strength of the experimental mortar (cement mortars with 25% cement replacement with glass powder) to that of the reference mortar, and it was conducted in accordance with EN 450-1.



The total heat of hydration after 72 h of hardening cements with the addition of glass waste was determined by the semi-adiabatic method, in accordance with the PN-EN 196-9:2010 standard. The samples prepared with CEM I 42.5 and the addition of 10% waste and the reference sample of pure cement were used. To determine the compressive strength of the specimens after 28, 90 and 180 days of curing, EN 196-1 was employed. The compressive strength is the average value from six specimens tested at each age for each mixture. The porosity of each specimen was determined by the MIP method after 28 days of curing.



The microstructure analyses were carried out using an electron microscope, FESEM-EDX Carl Zeiss Sigma 300 VP (Carl Zeiss Microscopy GmbH, Jena, Germany), after sputtering the samples with graphite (Sputter Quorum Q150 from Quorum Technologies Ltd., East Sussex, UK).





3. Results and Discussion


3.1. Glass Powder Pozzolanic Activity


The study of the pozzolanic activity index of glass powder based on the strength of cement mortars (physical method) indicates the moderate pozzolanic properties of glass. SAI gained 79% and 88% after 28 days and 90 days of curing, respectively. According to EN-450-1, the SAI should not be lower than 75% after 28 days and should not be lower than 85% after 90 days of hardening the mortar. The low pozzolanic activity of the glass powder was also confirmed by the chemical method. Based on the research, it was determined that the content of the reactive ingredients in the glass is about 9%. The content of reactive components in additives with pozzolanic properties, i.e., silica fume and fly ash, is 70–75% and 10–15%, respectively. According to literature reports, glass dust has good pozzolanic properties, and the reactivity increases as the fineness increases [12,16,31]. The lower-than-expected pozzolanic activity of the analyzed glass powder is related to its insufficient fineness.




3.2. Cement Hydration


The influence of glass powder on cement hydration was evaluated on the basis of the analysis of the hydration reaction rate and the microstructure of the hardening cement paste. Two samples were investigated, i.e., pure cement paste and paste with 10% glass powder addition. Cement replacement with glass powder leads to a decrease in the heat release rate and the amount of heat released during hydration. This is of course due to the dilution of cement. At the same time, it was found that a 10% reduction in the cement content resulted in a reduction in the amount of heat released by only 6%. Thus, the relative reduction in heat released during hydration is smaller than the reduction in the cement content in the paste. This indicates a slight acceleration of hydration due to the addition of glass powder.



The influence of the glass powder additive on cement hydration was also examined on the basis of the microstructure analysis of the cement matrix in the early period of hydration. It was noticed that the C-S-H phase crystallizes on glass powder particles (Figure 2). Very fine particles of glass powder act as crystallization centers and provide an additional area where C-S-H nuclei can settle. Thus, a slight acceleration of hydration was observed.



The interfacial region visible on the glass grain surface is dense, and it is similar to the matrix far from the surface. Calcium hydroxide crystals or increased local porosity were not observed in the area of the contact zone. In particular, the increased concentration of shrinkage cracks was not visible in this area. Heteronucleated small crystals of hydrated calcium silicates are visible on the surface of glass grains.




3.3. Compressive Strength


The compressive strength results of mortars at various curing ages with respect to the replacement of glass powder are shown in Figure 3. It is seen that, after 28 days of curing, the mortar compressive strength decreases with the increase in the glass powder content. The most visible mortar compressive strength deterioration, i.e., a 16% decrease, was observed in the case of mortar with a 20% replacement of cement with glass powder. This situation reverses at 90 and 180 days of age, when the partial cement replacement with glass powder does not lead to the compressive strength reduction. Even a slight increase is observed, i.e., 3% for mortar with a 5% glass additive and 4% for mortar with a 10% glass addition after 90 and 180 days of curing, respectively.



At an early age, glass powder acts only as an inert material causing the compressive strength reduction. The substitution of cement with glass powder leads to an increase in the water/cement ratio from a value of 0.5 to 0.63 for mortar with a 20% glass powder addition. Thus, due to the dilution of cement, a decrease in compressive strength is observed. The increase in the compressive strength at the later age of the curing of mortar with the glass powder additive may be attributed to the pozzolanic activity of glass powder. The pozzolanic reaction of reactive silica oxide in glass power and calcium hydroxide leads to C-S-H phases formation, which results in cement matrix microstructure densification and, consequently, a mortar compressive strength increase.




3.4. Porosity


The influence of glass powder on the microstructure was analyzed by mercury porosimetry. Cement was substituted with 10% and 20% glass powder by mass. The porosity and pore size distribution of mortars after 28 days of curing are shown in Figure 4 and Figure 5. By increasing the amount of glass powder, the porosity increases from 0.58 cm3/g for the control mortar to 0.60 cm3/g and 0.66 cm3/g in the case of mortar with 10% and 20% glass powder addition, respectively (about 7% and 12%).



An increase in the amount of the pore in the diameter range of 50–100 µm was observed. There is also a visible shift of the maximum of the pore size distribution towards the pores with larger diameters as the proportion of glass addition increases. This results in a compressive strength decrease. The unfavorable influence of glass powder on the porosity and pore size distribution is mainly due to the substitution of cement with coarser inert glass powder.





4. Conclusions


The following conclusions can be drawn from the research presented in this paper:




	
The analyzed glass powder possesses slight pozzolanic reactivity. It is expected that the finer grinding of glass will result in an enhancement of pozzolanic activity.



	
The partial replacement of cement with glass powder results in a delay of the hydration rate. However, the reduction in cumulative heat is smaller than the reduction in the cement content, which indicates a slight acceleration of hydration due to the addition of glass powder. The effect of the heteronucleation of the C-S-H phase on the glass powder surface was also observed.



	
The addition of glass powder negatively affects the compressive strength of mortar after 28 days of curing. In the latter age, the improvement of the compressive strength of mortar with glass powder addition is observed. This is mainly due to the pozzolanic activity of glass powder, which is revealed in the later time.



	
No negative effect on the microstructure in the interfacial region was observed. The glass grain acts as heteronucleation centers of C-S-H crystals.



	
Ground waste glass can be used as a replacement for about 10% of cement. In this case, a slight increase in the mortar compressive strength and no significant deterioration of the porosity are observed. In order to use this waste more effectively, it is necessary to grind it finer to a specific surface that is not smaller than that of cement. Then, not only will the pozzolanic activity of the glass be enhanced, but the additional effect of the filler will also be important.
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Figure 1. Scanning electron microscope images of glass powder. 






Figure 1. Scanning electron microscope images of glass powder.
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Figure 2. SEM images show the crystallization of C-S-H phases on the glass powder surface after 2 h (left) and after 12 h (right) of hydration. 
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Figure 3. Compressive strength of mortars with glass powder addition. 
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Figure 4. Total porosity of samples after 28 days of hydration. 
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Figure 5. Porosity of samples after 28 days of hydration. 
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Table 1. Chemical and mineral composition of OPC.






Table 1. Chemical and mineral composition of OPC.





	
Chemical Composition, [%]

	
Mineral Composition, [%]






	
SiO2

	
19.33

	
C3S

	
58.3




	
Al2O3

	
5.15




	
Fe2O3

	
2.90




	
CaO

	
64.59

	
C2S

	
12.2




	
MgO

	
1.25




	
SO3

	
3.23

	
C3A

	
8.75




	
K2O

	
0.47




	
Na2O

	
0.21

	
C4AF

	
8.9




	
Cl−

	
0.05
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Table 2. Chemical composition of powder glass.






Table 2. Chemical composition of powder glass.





	
Chemical Composition, [%]






	
SiO2

	
72.3

	
K2O

BaO

SO3

TiO2

Cl

	
0.6

0.2

0.1

0.1

0.1




	
Na2O

	
12.8




	
CaO

	
10.2




	
Al2O3

	
1.5




	
Fe2O3

	
1.2




	
MgO

	
0.9
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Table 3. Mortar mixture proportions for one batch of laboratory mixer, [g].






Table 3. Mortar mixture proportions for one batch of laboratory mixer, [g].





	
Mortar

	
Cement

	
Water

	
Sand

	
Glass Powder






	
M0

	
450

	
225

	
1350

	
0




	
M5

	
427.5

	
22.5




	
M10

	
405

	
45




	
M15

	
382.5

	
67.5




	
M20

	
360

	
90
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