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Abstract 

This study explores the potential use of volcanic tuff mining waste in geopolymer mortar formulations, aiming to enhance 

recycling and promote sustainable construction. Two filler-to-binder ratios (70/30 and 65/35) were developed using a 

geopolymer binder composed of tuff waste, dolomite powder, and sodium silicate. The mortars were subjected to heat 

treatments at 200, 350, 500, and 650°C for 8.5 hours. Compared to natural tuff (reference sample), water absorption 

decreased from 16.8% to 7.7%, with the lowest absorption observed in the 65/35 composition. Flexural strengths increased 

by 0.97% to 117.1%, and compressive strengths improved by 17.8% to 97.1%, reaching their maximum at 500°C; at 650°C, 

strengths declined due to water evaporation, shrinkage, and microcrack formation. Softening coefficients increased by over 

10%, indicating enhanced resistance to water-induced softening. The study demonstrates that incorporating dolomite 

powder improves water resistance, while tuff waste serves effectively as both filler and binder component. Moreover, 

geopolymer mortars produce significantly lower CO₂ emissions (0.133 t/m³) compared to ordinary Portland cement 

mortars (0.415 t/m³), highlighting their environmental advantage. These results underscore the potential of tuff-based 

geopolymer mortars for sustainable construction applications.  
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1. Introduction 

Conventional concrete is the most widely utilized anthropogenic construction material globally, the production of 

which is one of the largest consumers of natural raw materials, significantly impacting the environment. This 

phenomenon is attributed to the fact that the primary component in mortar and concrete compositions is cement as a 

binder, and the production of the latter is associated with substantial carbon dioxide emissions. Consequently, the 

increasing awareness of the world economy's sustainable development and global warming issues has prompted the 

construction industry to investigate and identify novel binders to replace Portland cement [1-3]. For this purpose, the 

research and development of non-clinker hydraulic binders and geopolymers, which serve as alternatives to Portland 

cement, is a highly pertinent issue. These materials are obtained through alkaline processing of anthropogenic and 

natural raw materials, including thermal power plant ash, feldspar rocks, slag, volcanic rocks, sedimentary rock waste, 

and other sources [4, 5]. These materials possess distinctive technical-operational properties and are considered an 

effective means of utilizing mineral waste. Currently, the management of industrial waste presents a universal challenge 

and one of the most complex issues confronting contemporary society, particularly in relation to the recycling of rocks 

accumulated in mines over extended periods. 
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Geopolymer mortars and concretes have the potential to effectively utilize rock waste, addressing a significant 

environmental problem related to its disposal. The technology used to produce geopolymers offers advantages over 

traditional Portland cement production, as it does not require a high-temperature calcination process and does not emit 

carbon dioxide from the breakdown of carbonate raw materials. Geopolymer production allows for the incorporation of 

various industrial wastes, leading to significantly lower energy consumption and carbon dioxide emissions compared to 

traditional cement production. Geopolymer mortar and concrete are considered effective solutions for reducing CO2 

emissions in the construction industry. Studies have shown that using these materials can reduce total CO2 emissions by 

9% to 60%. This reduction is achieved because geopolymer mortars and concretes utilize treated rock waste as a binder 

instead of cement [6, 7].  

 Recent review studies underscore the carbon and energy benefits associated with waste-derived geopolymers and 

elucidate industrial pathways for transforming various waste streams into construction materials. These reviews 

consistently demonstrate reductions in embodied carbon when waste precursors such as fly ash, slag, volcanic residues, 

and demolition waste are utilized, particularly when the use of activators and processing energy is minimized [8]. Carbon 

dioxide (CO2) emission accounts for approximately 5-8% of total global emissions, as 1 ton of CO2 is released into the 

atmosphere during the production of 1 ton of Portland cement [9, 10]. Furthermore, cement is the third most energy-

intensive material after steel and aluminum, consuming approximately 7% of the energy utilized by industry worldwide 

[11]. According to Burduhos Nergis et al. [12], the process of obtaining geopolymer contributes to a significant reduction 

of global warming, emitting 169kg of CO2/m3, whereas during the production of ordinary Portland cement, 306kg of 

CO2/m3 is emitted into the atmosphere. Consequently, the production of geopolymer mortar and concrete is considered 

a potential novel alternative construction material [13] with comparatively low CO2 emissions [14]. 

Geopolymers can be synthesized by treating volcanic rock with an alkali activator. Tuff, a type of volcanic rock and 

a commonly used building material, generates a significant amount of waste when extracted from mines. This makes it 

a suitable raw material for producing geopolymer mortar and concrete. By utilizing tuff waste in the production of 

geopolymer mortar, we can effectively address several environmental issues, including the management of large and 

hazardous rock waste deposits, air pollution, and the degradation of agricultural land. Recent experimental investigations 

have identified several viable methodologies for transforming volcanic-type waste materials into functional 

geopolymeric products. For instance, volcanic tuff or ignimbrite residues have been effectively combined with 

metakaolin or utilized as the primary precursor to produce mortars with compressive strengths appropriate for non-

structural and semi-structural applications, contingent upon the activation and curing processes employed [15]. In other 

cases, volcanic tuff has been blended with blast furnace slag or iron powder waste to accelerate setting and improve 

early strength, thereby expanding its applicability in construction [16].  

An analysis of the research [17-19] presented in scientific literature indicates that tuff wastes, owing to their chemical 

reactivity, can be incorporated into the production of geopolymer binders, cement-based artificial stone materials, 

mortars, and concretes, utilizing sodium silicate as an alkali activator. Composite binders were synthesized using tuff 

waste [5], dolomite, and sodium silicate. Test specimens with dimensions h=d=50mm were fabricated and subjected to 

thermal treatment at temperatures up to 200°C. Subsequently, the compressive strength was determined, revealing an 

increase of 8.3-39.7% compared to the compressive strength of natural tuff, with a softening coefficient ranging from 

0.7 to 0.89. The relatively high softening coefficient of the resultant non-cement artificial stone materials can be 

attributed to the inclusion of dolomite in the processed mixtures, which functions as a component that enhances water 

resistance. According to the research analysis [7], tuff wastes were processed using filler-composite binder ratios of 

75/25 and 70/30, along with water/solid mass ratios ranging from 0.10 to 0.12% to create cementless artificial stone 

compositions. After heat treatment at a maximum temperature of 2000C, the density of cementitious artificial stone 

materials increased by 10.5-39%, water absorption, which decreased by 2-2.5%, and compressive strength indicators, 

which increased by 15-30%, were determined with the same indicators of natural tuff stones.  

These findings are consistent with recent experimental studies that have demonstrated enhanced density and 

decreased water absorption when volcanic wastes are subjected to alkali activation or combined with hydraulic by-

products such as blast furnace slag [16, 20]. Several authors have investigated the strength of samples made with 

geopolymer mixtures, which were cured at ambient temperatures as well as at heat curing temperatures ranging from 

40°C to 90°C, with curing times between 24 to 72 hours. The studies found that samples cured with heat typically 

achieve better geopolymerization and result in greater strength. This is because the most intense reactions that contribute 

to the formation of the geopolymer structure occur at temperatures around (90 ± 5)°C. Recent research on volcanic 

precursors supports this trend: heat curing (e.g., 60–80°C for limited durations) frequently enhances early strength and 

decreases water absorption in tuff-based geopolymers. However, ambient curing strategies are actively being 

investigated to optimize field applicability and minimize processing energy [15]. 

As volcanic tuff waste can be utilized for the production of geopolymeric binders and artificial stone materials with 

superior physical and mechanical properties compared to natural tuff, this study aims to investigate the influence of 

different thermal treatments (200, 350, 500, and 650 °C) on the water absorption, flexural and compressive strengths, 

water resistance, and microstructure of geopolymer mortars. In particular, the research focuses on the effective 

utilization of waste generated during volcanic tuff extraction for the development of geopolymer-based mortars. The 
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incorporation of such waste materials into construction composites not only promotes efficient recycling strategies but 

also contributes to environmentally sustainable construction practices. To assess the performance of tuff-based 

geopolymer mortars, two filler-to-binder ratios (70/30 and 65/35) were examined. The geopolymer binder was 

synthesized using volcanic tuff waste, dolomite powder, and sodium silicate, offering a low-carbon and eco-friendly 

alternative to conventional cementitious systems. 

2. Materials and Methods 

2.1. Materials 

2.1.1. VTW 

In this study, tuff rock mining waste from Byurakan village in the Ashtarak region of the Republic of Armenia was 

utilized as raw material for producing geopolymer mortar. Figure 1 illustrates the mine, clearly showing the significant 

and hazardous accumulation of waste. There are approximately 100 such mines in the Republic of Armenia, and the 

waste generated from tuff stone mining presents major environmental challenges [21]. These mines have been in 

operation for decades, resulting in significant challenges related to waste management on a global scale due to the 

substantial volume of waste and the limited availability of landfill space. Tuff is a volcanic rock formed from volcanic 

eruptions. It exhibits numerous advantageous properties, including diverse colors, high compressive strength, durability, 

low density, thermal conductivity, ease of processing, acid resistance, and the ability to withstand high temperatures [6, 

22]. These technical characteristics present numerous opportunities for extracting valuable geopolymer mortars from 

rock waste, particularly VTW.  

 

 

 

Figure 1. Photos of VTW from the Byurakan mine and the geographic coordinates of the location: 40.337533, 44.284090 

The chemical composition of tuff waste was examined according to standard [23] and the results are displayed in 

Table 1. 

Table 1. Chemical properties of VTW 

Compound SiO2 TiO2 Al2O3 Fe2O3 MgO CaO 
 K2O + 

Na2O 
SO3 Loss on ignition 

Content (%)  63.27 0.76 17.48 4.20 1.56 3.68 6.88 0.33 1.84 

Figure 2 presents the refined principal mineralogical composition obtained from X-ray diffraction analysis, whereas 

Figure 3 displays the results of differential thermal analysis (DTA). These tuffs contain a significant amount of 

amorphous volcanic glass phase, as seen in Figure 2. The DTA analysis revealed four endothermic effects (Figure 3), 

which were attributed to polymorphic variations in SiO2 during heating. The first effect, occurring between 180°C and 

270°C, is likely due to the polymorphic transformation of 𝛽c𝑟𝑖𝑠𝑡𝑜𝑏𝑎𝑙𝑖𝑡𝑒 → 𝛼cristobalite . The second effect, observed 

between 490°C and 600°C, is due to the phase transformation of 𝛽q𝑢𝑎𝑟𝑡𝑧 → 𝛼quartz , which occurs at 573°C. The third 

effect, observed between 873 and 893°C, is due to the transition of 𝛽q𝑢𝑎𝑟𝑡𝑧 → 𝛼t𝑟𝑖𝑑𝑦𝑚𝑖𝑡𝑒 . 



Civil Engineering Journal         Vol. 11, No. 10, October, 2025 

4095 

 

 

Figure 2. X-ray diffraction analysis of Tuff 

 

Figure 3. Differential Thermal Analysis of Tuff 

The orange color of the rock is caused by the mineral Fe2O3, which was discovered by X-ray research. Fe2O3 is the 

result of magnetite oxidation. It also experiences polymorphic transition at 450-500°C: 𝛾𝐹𝑒2𝑂3
→ 𝛼𝐹𝑒2𝑂3

. The glass mass 

melts at 893°C and further recrystallization occurs. A 2.3% weight loss on the gravimetric curve (Figure 3) that is 

primarily observed at 220–250°C is likely caused by hydrated rocks (biotite and other such minerals) that are present in 

trace amounts in the Byurakan tuff and cannot be detected by X-ray diffraction analysis by subtracting hydrated water. 

Figure 4 presents a scanning electron microscope (SEM) analysis of VTW at a magnification of 1000x. The analysis 

reveals that the majority of the tuff is made up of volcanic glass fragments, which can be found either densely packed 

or partially melted together. Additionally, some partial recrystallization of the glass is observed. Crystalline minerals 

are identified as plagioclase (Na,Ca)(Al,Si) [AlSi2O8] and broken grains of pyroxene. 

 

Figure 4. Scanning electron microscopy image of Tuff 
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2.1.2. Alkaline Activator 

Sodium silicate undergoes hydration and hydrolysis to form a hydrogel consisting of silicon oxide and sodium 

hydroxide. This hydrogel interacts with the surface layer of active rock grains, in this case, VTW, binding them together 

to create a strong conglomerate mass. The use of sodium silicate as an alkaline activator in mortars and concretes ensures 

strength and durability. When sodium silicate reacts, it produces an aluminosilicate gel that can fill pores and 

microcracks, thereby enhancing strength and accelerating the healing process [24]. 

Sodium silicate (Na2O∙SiO2) was used as an alkaline activator in the geopolymer mortars. The chemical and physical 

indicators of sodium silicate are presented in Table 2. 

Table 2. Physical and chemical properties of sodium silicate 

Property Unit Results Obtained 

SiO2 

content % 

70.5 

Na2O 24.8 

Al2O3 2.1 

Fe2O3 1.5 

CaO 1.1 

Color - white 

Specific surface area cm2/g 2750 

Silicate modulus Ms 2.8 

2.1.3. Additive 

Sodium silicate mixtures produce hydrate formations that are soluble in water. To mitigate their solubility, these 

mixtures are typically modified with various curing agents, such as acids, precipitation agents [18, 25, 26]. In this 

context, dolomite powder of sedimentary origin was incorporated as an additive to enhance the water resistance of the 

developed geopolymer mortars. Dolomite, an anhydrous carbonate sedimentary rock, primarily comprises calcium and 

magnesium carbonates (CaMg(CO)). While pure dolomite is white, the presence of iron and clay impurities can impart 

gray, yellow-gray, or greenish hues. Its crystal system is trigonal in structure [27, 28]. The chemical and physical 

properties of dolomite are presented in Table 3. 

Table 3. Physical and chemical properties of dolomite 

Property Unit Results Obtained 

MgO content 

content % 

21․ 9 

CaO content 30․ 3 

CO2 content 44.4 

Loss on ignition 3.4 

Specific surface area cm2/g 2700 

Color - white 

Real density g/cm3 2.82 

Bulk density kg/m3 1670.5 

Bulk density in compact state kg/m3 1825.4 

2.1.4. Aggregates 

Tuff waste from the Byurakan mine was utilized as a filler in geopolymer mortars after being sieved to produce sand. 

The grain composition of the sand in the formulated mixes is as follows: 35-37% in the 5.0-2.5 mm range, 12-14% in 

the 2.5-1.25 mm range, 16-18% in the 1.25-0.63 mm range, and 33-35% in the 0.63-0.315 mm range. The fundamental 

properties of the tuff sand, determined using standard testing procedures, are presented in Table 4 [29]. 

Table 4. Physical properties of tuff aggregates 

Property Unit Results Obtained 

Bulk density kg/m3 1364 

Bulk density in compact state kg/m3 1567 

Water absorption (48 hour) % 22.7 

Fineness modulus Mf 2.9 
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2.2. Mixing and Sample Preparation 

2.1.1. Geopolymer Binder 

A geopolymer binder was prepared using specific materials. Tuff waste powder, with a particle size of less than 0.16 

mm, served as the primary component. Dolomite powder, with a specific surface area of 2700cm²/g, was included as an 

additive. Sodium silicate, with a specific surface area of 2750cm²/g, was used as an alkaline activator. These raw 

materials were ground for 10 minutes using a laboratory ball mill (A091-02 Ball Milling Machine) to produce a 

geopolymer binder with a specific surface area ranging from 3100 to 3250cm²/g. Figure 5 illustrates the materials used 

in preparing the geopolymer binder, along with the raw materials required for its production. The specific surface area 

of the geopolymer binder components were determined according to the EN 196-6:2018 [30]. 

 

Figure 5. The raw materials for geopolymer binder 

Several geopolymer binder compositions were developed, but analysis of the testing data identified the following as 

optimal: 50% VTW, 30% dolomite powder, and 20% sodium silicate. 

2.2.2. Geopolymer Mortar and Sample Preparation  

In the composition of geopolymer mortars, tuff sand was utilized as a filler, while the geopolymer binder functioned 

as the binding agent. The filler-to-binder ratio was 1:2.5 for the 70/30 composition and 1:1.8 for the 65/35 composition. 

The density of the fresh mortars ranged between 1200-1250kg/m³. The preparation of the geopolymer mortar involved 

the following procedure: the geopolymer binder was initially added to the tuff sand, and the mixture was subsequently 

homogenized using a mortar mixer (E095 Mortar Mixer) at a speed of 140rpm for 4 minutes. Prismatic test samples of 

40 x 40 x 160mm were made. 

Heat treatment was conducted following the regimen outlined in Figure 6. The initial step involved raising the 

temperature from 20°C to (90 ± 5)°C over 2 hours. The samples were then held at this temperature for an additional 3 

hours. Following this, the temperature was increased from (90 ± 5)°C to 200°C (or up to 350°C, 500°C, and 650°C 

depending on the specific treatment) for 2 hours. The samples were maintained at the target temperature for 1.5 hours 

before being cooled to room temperature. The entire heat treatment process lasted a total of 8.5 hours. 

 

Figure 6. The mode used to thermally treat geopolymer mortars 
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Two geopolymer mortar compositions were developed with filler-to-geopolymer binder ratios of 70/30 and 65/35 

by weight, using a fixed water-to-solid ratio of 0.25. The properties of the samples produced with these compositions - 

filler/geopolymer binder ratios of 65/35 and 70/30. The workflow of the methodology, including the raw materials used 

and the preparation and testing of samples, is presented in Figure 7. 

 

Figure 7. Workflow of the methodology 

The specimens formed from geopolymer mixtures prepared with the developed compositions are shown in Figure 8 

after heat treatment. For comparison, tuff, a naturally occurring stone, is included as a reference material. 

   

(a) (b) (c) 

Figure 8. Geopolymer mortars 65/35 (a) and 70/30 (c) Filler/Geopolymer binders, natural stone (reference sample) (b) 

2.3. Methods 

2.3.1. Physical Characterization 

The characteristics of geopolymer mortars were evaluated following a heat treatment of 8.5 hours and 28 days of 

storage under room conditions. The water absorption of geopolymer mortars was determined in accordance with the 

AST 100-94 [31] standard after 24 hours of water saturation of the test samples․  The test samples were weighed using 

a scale with 0.1g accuracy (V073-01, Top loading balance 16 kg × 0.1 g, Matest, Italy). 

2.3.2. Flexural Strength 

The flexural strength of the specimen was evaluated using the standard testing procedure for geopolymer mortars, 

employing the Unitronic Compression/Tensile 50kN testing equipment, which has a maximum capacity of 50kN. The 

experiment was based on a three-point bending test conducted on a poured prism. A loading rate of 0.1kN/s (normative 

speed ranging from 0.1 to 0.2 kN/s) was applied to the specimen during the test. The hydraulic testing machine, which 

is controlled by a microprocessor, applies the load and is powered by a brushless motor with a closed-loop system that 

utilizes a camera encoder. To prevent unintentional manipulation of the machine, stroke electric end switches are 

installed on the load piston [32]. 
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2.3.3. Compressive Strength 

The compressive strength of geopolymer mortars was evaluated in accordance with the established standards [31]. 

Testing was conducted using an automated Servo-Plus Progress concrete compression machine, which has a capacity of 

2000 kN and an accuracy of 0.001kN (Matest, Italy). The tests were performed at a 0.3MPa/s (normative speed ranging 

from 0.3 to 0.5 MPa/s). To determine the compressive strength, each test sample was weighed and measured in all 

dimensions. The lower support plate of the press was then positioned, and the upper support plate was smoothly lowered 

at the defined normative speed until the test specimen failed under the increasing compressive load (P). 

2.3.4. Softening Coefficient 

The softening coefficient of the tested samples was determined in accordance with the AST 100-94 standard (section 

5.4) [31]. The tests assessed compression under both dry and immersed conditions. A pressure-driven press was used to 

conduct the tests, and the average results, Rw and Rd, were calculated for each batch. 

2.3.5. Scanning Electron Microscopy (SEM) 

A SE detector manufactured in the Czech Republic (VEGA TS 5130 MM "TESCAN") was used to analyze the 

microstructure of geopolymer mortars. For all SEM investigations, a high accelerating voltage of 14.0 kV was used. 

3. Results and Discussion 

Table 5 shows the physical and mechanical characteristics of geopolymers that have undergone heat-treated for 8.5 

hours at 200, 350, 500, and 6500C utilizing filler/geopolymer binder compositions of 70/30 and 65/35. Indicators of the 

above characteristics of the reference sample, the tuff from the Byurakan mine, are also provided for comparison. 

Table 5. Comparison of the mechanical and physical characteristics of Byurakan mine natural stone and geopolymer 

mortars developed from the same stone waste 

Samples 
Filler/Geopolymer 

Binder % Ratio by Mass 

Water/Solid 

Ratio 

Average Density, 

kg/m3 

Water Absorption 

by Mass, % 

Flexural 

Strength, MPa 

Compression 

Strength, MPa 

Softening 

Coefficient 

Natural Tuff 

Stone 
- - 1690 21.3 2.05 17.08 0.82 

GM200 
70/30 

0.25 

1968 16.8 2.07 20.12 0.82 

65/35 1977 12.9 2.21 22.04 0.84 

GM350 
70/30 1960 16.4 3.19 24.41 0.84 

65/35 1989 10.8 3.38 25.63 0.89 

GM500 
70/30 1967 14.9 3.91 30.08 0.91 

65/35 1990 9.1 4.45 33.66 0.94 

GM650 
70/30 1962 13.3 3.66 28.27 0.88 

65/35 1983 7.7 4.12 30.15 0.90 

3.1. Water Absorption 

To determine the water absorption of the geopolymer mortars, the test samples were first dried in a drying oven 

(mode l A007-04 KIT, Matest, Italy) at 105°C until a constant weight was achieved. After drying, the samples were 

weighed in air. Next, to ascertain the mass of the saturated test samples, they were submerged in a container filled with 

water at a temperature of (20±5)°C. The water level was maintained at least 50 mm above the upper mark of the test 

samples. Under these conditions, the samples were allowed to reach water saturation for a duration of up to (48) hours. 

After saturation, the samples were removed from the water, weighed in the air and continued the same process for 

another one hour. The test samples were considered water-saturated when the difference between the initial and final 

weighings did not exceed 0.2% [31]. 

 Based on the water absorption data shown in Figure 9, the following conclusions can be made (the water absorption 

indicators of the geopolymer mortars were compared with the same indicators of the natural tuff: reference sample): the 

water absorption indicators of the GM200 samples were 16.8% for the 70/30 tuff sand/geopolymer binder composition 

and 12.9% for the case of 65/35. The water absorption indicators of GM350 test samples in the 70/30 composition were 

16.4% and 65/35 were 10.8%. When the test samples were subjected to heat treatment at 5000C, the water absorption 

was 14.9% for GM500, 70/30 tuff sand/geopolymer binder composition, and 9.1% for 65/35. The water absorption 

indicators of the heat-treated samples at 6500C (GM650) were 13.3% for 70/30 and 7.7% for the 65/35 filler (tuff 

sand)/geopolymer binder composition. The water absorption of the natural tuff from the mine was 21.3%. 
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Figure 9. Results of water absorption for reference samples and the 65/35 and 70/30 Filler/Geopolymer binder samples at 28 

days after heat treatment 

Analyzing the obtained results, it is obvious that compared to the water absorption indicators of natural tuff stone, 

the water absorption indicator of processed geopolymer mortars decreased by 4.5-8% for the 70/30 composition, and 

8.4-13.6% for the 65/35 composition. The observed decrease in water absorption with increased binder content and heat 

treatment signifies a densification of the matrix and a reduction in pore connectivity. These results indicate that the 

incorporation of volcanic tuff waste into geopolymer mortars not only enhances sustainability but also improves 

durability by reducing water uptake compared to natural tuff. Furthermore, the synergistic effects of a higher binder 

proportion and thermal treatment further contribute to the densification of the mortar microstructure [33]. 

3.2. Flexural Strength 

Prismatic specimens measuring 40×40×160 mm composed of geopolymer mortars were tested to determine the 

flexural strength. The experimental procedure utilized a Unitronic Compression/Tensile 50kN compatible press (S337, 

Matest, Italy), applying a central single load to the test specimen [32]. The flexural strengths of geopolymer mortars 

prepared with 70/30 tuff sand/geopolymer binder composition were 2.07MPa for GM200, 3.19MPa for GM350, 

3.91MPa for GM500 and 3.66MPa for GM650 (Figure 10). The bending strengths of the samples with 65/35 tuff 

sand/geopolymer binder composition and heat-treated at different temperatures were as follows: 2.21MPa for GM200, 

3.38MPa for GM350, 4.45MPa for GM500, and 4.12MPa for GM650. All obtained flexural strength (Rfl) values were 

compared with the same value of natural tuff (reference sample), which was 2.05MPa. 

 

Figure 10. Results of Flexural strength for reference samples and the 65/35 and 70/30 Filler/Geopolymer binder samples at 

28 days after heat treatment 
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Upon analysis of the flexural strength results for GM200, GM350, GM500, and GM650 geopolymer mortars 

presented in Figure 10, it is evident that the flexural strengths (Rfl) of samples produced with both 70/30 and 65/35 

Filler/Geopolymer binder compositions demonstrated an increase of 1.5-2.2 times, relative to the corresponding property 

of the reference sample. 

The findings suggest that an increase in the geopolymer binder fraction enhances the flexural strength of the mortars, 

likely due to a denser microstructure and stronger interfacial bonding between the binder gel and filler particles. Heat 

treatment further augmented strength up to 500°C, where the highest values were observed (3.91 MPa for 70/30 and 

4.45 MPa for 65/35). At 650°C, a slight reduction was recorded, which may be attributed to microcracking induced by 

thermal stress [34].  

3.3. Compressive Strength 

The compressive strength was determined by testing cube-shaped test specimens with 40x40mm cross-sectional area 

of the test sample [31]. The compressive strengths of the test samples prepared with a 70/30 Filler/Geopolymer Binder 

mass ratio, heat treated at 200, 350, 500 and 6500C, and kept at ambient temperature for 28 days, were 20.12, 24.41, 

30.08 and 28.27MPa, respectively, and in the case of 65/35: 22.04, 25.63, 33.66 and 30.15MPa (Figure 11). 

 

Figure 11. Results of Compressive strength for reference samples and the 65/35 and 70/30 Filler/Geopolymer binder 

samples at 28 days after heat treatment 

The analysis of the data revealed that the strengths of the geopolymer mortars labeled GM200, GM350, GM500, and 

GM650 were 1.2 to 2 times greater than that of natural stone, which had a strength of 17.08MPa. 

It is known from the literature that the use of up to 9% silicate glass in processed compositions leads to an increase 

in the strength of the final product. Otherwise, the adhesive contacts exceed the optimal amount, and the monolithic 

mortar or concrete mixture is transformed into a cohesive volumetric system, that is, the intergranular pore space of the 

material is almost filled with the adhesive and causes a decrease in strength [34-36]. A high silicate glass content is 

undesirable due to the formation of substantial quantities of alkali, which results in a significant deterioration of water 

resistance, compressive strength, and other critical operational properties of the final product. In the compositions of the 

geopolymer mortars developed in this study, silicate glass shards constitute 6-8% of the total mass of the mixture [37, 

38]. 

The decrease in strength of the samples at 650°C, compared to those heat-treated at lower temperatures, can be 

explained by the fact that bound water in the geopolymer matrix starts to evaporate at higher temperatures. The loss of 

water can cause shrinkage and microcracking, leading to a reduction in compressive strength. Different components in 

the mortar, such as aggregates, sodium silicate, and the geopolymer matrix, may expand at different rates when exposed 

to high temperatures. This thermal expansion mismatch can induce internal stresses and microcracks, which weaken the 

overall structure [39].  

3.4. Softening Coefficient 

To determine the softening coefficient of the geopolymer mortars, half of the test samples made from the same batch 

were dried at 105oC until they reached a constant mass, and the other half were immersed in water and kept there for 1h 

at (20±2)oC. These specimens were then tested under compression, and the average values of Rw and Rd were 

determined for each specimen. The ratio of the compressive strength limit of the water-saturated test sample Rw to the 

compressive strength limit in the dry state Rd is called the softening coefficient Ks [31, 40]. 
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The softening coefficients (Ks) of the geopolymer mortars were determined and compared with those of the reference 
(tuff stone) sample, which are presented in Figure 12. The softening coefficients of the test samples prepared with 70/30 
Filler/Geopolymer Binder composition, heat-treated at temperatures of 200, 350, 500 and 6500C and kept at ambient 

temperature for 28 days were 0.81, 0.84, 0.91, and 0.88, respectively, and in the case of 65/35 – 0.84, 0.89, 0.94 and 
0.90. Reference sample Ks=0.82. 

 

Figure 12. Results of Softening coefficient for reference samples and the 65/35 and 70/30 Filler/Geopolymer binder samples 

at 28 days after heat treatment 

The findings demonstrate that an increase in the binder fraction leads to an enhancement of the softening coefficient, 
which aligns with the observed reduction in porosity and improved matrix densification. The highest value (Ks = 0.94) 
was recorded in the GM500 (65/35) composition, indicating excellent retention of compressive strength under water-
saturated conditions. A slight reduction at 650°C can be attributed to microcracking induced by thermal stresses, akin 
to the behavior observed in compressive strength results [41]. The material is considered waterproof if Ks >0.8 [5, 40]. 
Therefore, by analyzing the obtained results, which are also presented in Figure 12, it can be concluded that the 

developed geopolymer mortars are water resistant. 

3.5. Scanning Electron Microscopy (SEM) Analysis 

Scanning electron microscopy (SEM) studies were conducted on the geopolymer mortars obtained. The physical and 

mechanical properties of the specimens made with a 65/35 tuff sand and geopolymer binder composition and heat-
treated at various temperatures were superior to those treated with a 70/30 composition. Consequently, SEM analyses 
were performed on the samples labeled GM200, GM350, GM500, and GM650, which utilized the 65/35 composition. 
Figure 13 presents SEM images at a 1000x magnification. The images correspond to (a) GM200, (b) GM350, (c) 
GM500, and (d) GM650. 

 

Figure 13. Microstructures of geopolymer mortar with alkali activator (GM200 – GM650:65/35 composition) 
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Figures 13-a and 13-d show the absence of a homogeneous matrix. In these images, voids, sediments, and cracks are 

present, indicating that the geopolymerization process has not been conducted optimally. Geopolymerization primarily 

occurs at the particle-liquid interface—that is, at the boundaries of the particles. The presence of sediments suggests that 

the reaction has terminated on the surfaces of the particles instead of fully interacting with all the tuff grains. This creates 

a layer that hinders the activation of the remaining particles, as the activators can only interact with the surface. 

Additionally, the structures formed display flat, plate-like surfaces. The pores and voids seen in Figure 13-d suggest that 

water bound in the matrix, formed at a relatively high temperature (650°C), has evaporated, leading to the development 

of this structure. 

Figures 13-b and 13-c illustrate that a compact microstructure was formed in geopolymer mortars activated by alkali 

(sodium silicate) using volcanic tuff (VTW). In these samples, heat treatment was conducted at temperatures of 350°C 

and 500°C. The presence of Na2O∙SiO2 enhances the dissolution of silicon and aluminum found in the volcanic tuff, 

which is crucial for developing a three-dimensional matrix structure [42-45]. Consequently, an aluminosilicate gel is 

created, which fills the voids within the matrix, resulting in a dense, amorphous structure. This process contributes to 

the improvement of the physicomechanical properties of the geopolymer mortars. 

3.6. Emission Variables  

The incorporation of mineral industrial waste - specifically, tuff and dolomite - in the production of geopolymer 

mortars enhances economic and environmental efficiency according to multiple criteria: 

 By substituting primary raw materials with secondary ones, natural resource loss is minimized through complex 

utilization, 

 Preventing environmental waste pollution during the extraction and processing of stone, 

 Cultivating waste-filled lands is necessary to prevent damage caused by waste storage and maintenance costs. 

This involves implementing complex measures aimed at effectively restoring damaged lands and improving 

environmental conditions, 

 Substituting Portland cement with a different geopolymer binder. 

Ordinary Portland Cement Concrete (OPCC) is estimated to be utilized at a rate of one cubic meter per person per 

year globally rendering it one of the most consumed building materials after water [46]. Approximately 5% of global 

anthropogenic CO₂ emissions and 14% of the world's industrial energy consumption are linked to the production of 

ordinary Portland Cement (OPC) [47]. These emissions are largely driven by the energy-intensive manufacturing 

process and the calcination of limestone, which releases significant amounts of CO₂. OPC production exhibits high 

embodied energy consumption; consequently, each ton of OPC generates between 0.82 and 1.0 metric tons of CO2 [48, 

49]. A value of 0.84t-CO2/t used in the calculations herein, is considered the worldwide average. On the other hand, 

aggregates require low energy for production compared to other materials, resulting in relatively low CO2 emissions. 

The carbon dioxide (CO₂) emissions associated with the production of materials such as dolomite, alkali activators, tuff 

stone, and OPC vary significantly, primarily due to the differences in the manufacturing processes and the raw materials 

used. Approximately 0.7-0.9t of CO₂ per ton of cement produced, depending on the efficiency of the plant and the fuel 

type used. Dolomite (CaMg(CO₃)₂) has lower CO₂ emissions than OPC when used in construction. Dolomite 

production, primarily for use as aggregate or filler in construction, involves mining followed by minimal processing, 

such as crushing and grinding, resulting in CO₂ emissions of approximately 0.05–0.10 t per ton. These emissions depend 

on the energy required for extraction and processing. However, when dolomite is subjected to calcination (as in its use 

as a cementitious binder), the CO₂ emissions increase but remain lower than those associated with OPC [50]. 

Alkali-activated materials (AAMs), such as those used in geopolymers, use a chemical activator, like sodium 

hydroxide (NaOH) or sodium silicate to create a binding phase. The emissions depend on the specific activator used, 

with sodium silicate generally having higher emissions than sodium hydroxide due to the energy-intensive nature of its 

production. The emissions vary widely but are typically around 0.15-0.3t of CO₂ per ton of activator material, depending 

on the specific chemicals and their manufacturing processes. When combined with other precursors like fly ash or slag, 

the total CO₂  footprint can be much lower than OPC.  

Tuff is a type of volcanic rock, and its usage in construction usually involves minimal processing (cutting and 

shaping). The emissions are primarily from the mining and transport stages. Around 0.10-0.50t of CO₂ per ton, 

depending on the energy used for extraction and transportation. It is much lower than OPC due to the absence of high-

temperature processes [44]. For geopolymer mortars, incorporating dolomite, alkali activators, and tuff stone can 

significantly lower CO₂ emissions compared to traditional OPC-based mortars. The CO₂ emissions of two types of 

geopolymer mortars are presented in Figure 14: one activated with an alkaline activator (a) and the other incorporating 

OPC (b) [45, 51]. 
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Figure 14. a) Geopolymer mortar with alkali activator (geopolymer binder) and b) mortar with OPC 

Compared to mortars prepared with ordinary Portland cement, CO2 emissions during the production of geopolymer 

mortars are significantly lower. The total emissions of geopolymer mortars are 0.133t - CO2/m3 and OPC mortar 0.415t 

- CO2/m3. 

3.7. Comparison with Previous Studies 

The results obtained in the present work for geopolymer mortars based on Byurakan tuff waste were compared with 

data from previous studies on similar aluminosilicate precursors. When compared with previous studies, our 28-day 

compressive strength results (reaching up to nearly double the reference sample) are higher than those reported for 

pumice-based mortars by Kabay et al. [52], who achieved 10–25 MPa under moderate thermal curing. They are also 

superior to volcanic tuff–BFS systems reported by Boumaza et al. [16], where compressive strength reached ~15 MPa 

under 80 °C curing. At the same time, our results approach the values obtained by Youssf et al. [53], who reported up 

to 50 MPa for construction and demolition waste-based mortars. Furthermore, unlike the decrease in strength observed 

by Khouadjia et al. [54] with iron powder fillers, the incorporation of dolomite powder in our compositions improved 

water resistance and maintained mechanical performance. Tekin et al. [55] also confirmed that introducing additional 

calcium-rich waste (travertine powder) enhanced strength, in line with the improvement we observed when dolomite 

was added. 

Overall, the comparison demonstrates that Byurakan tuff-based geopolymer mortars exhibit competitive or superior 

performance compared to other volcanic tuff and pumice systems, while offering additional advantages such as lower 

water absorption and substantially reduced CO₂ emissions. This positions them as a sustainable alternative for 

construction and heritage restoration applications. 

4. Conclusions 

The urgent need for environmentally friendly building materials has driven research into sustainable alternatives to 

OPC. Geopolymer mortars from aluminosilicate materials offer improved mechanical and physical properties and lower 

CO₂  emissions. This work investigates the use of volcanic tuff mining waste as the main component in geopolymer 

mortars with an alkaline-activated binder, resulting in mortars with enhanced performance. 

 Depending on the heat treatment temperature (GM200, GM350, GM500, GM650), water absorption of the 

samples varied with mix composition, ranging from 13.3% to 16.8% for the 70/30 composition, 7.7% to 14.9% 

for the 65/35 composition, and 21.3% for the control sample. 

 Flexural strengths increased by 0.97% to 117.1% compared to the reference sample (natural tuff), depending on 

heat treatment. 

 Compressive strength increased by 17.8% to 97.1% relative to the reference sample. At 650°C, strength decreased 

due to water evaporation in the geopolymer matrix, causing shrinkage and microcracks. 

 Softening coefficients for 70/30 compounds were 0.82, 0.84, 0.91, and 0.88 (GM200–GM650), and for 65/35 

compounds, 0.84, 0.89, 0.94, and 0.90, reflecting an increase of over 10%. This improvement indicates enhanced 

resistance to water-induced softening, which is important for maintaining long-term strength in wet conditions. 

 Geopolymer mortars produce significantly lower CO₂ emissions than ordinary Portland cement mortars—

approximately 0.133 t CO₂/m³ versus 0.415 t CO₂/m³—reducing emissions by more than threefold. 

Highly reactive Armenian tuffs, especially their fine fractions, chemically interact with dolomite powder and alkali 

activators, enabling the development of building materials with improved properties, suitable for slabs, exterior and 

interior wall cladding, hollow blocks, cornices, planks, and other architectural or sculptural components. 
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