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Abstract: The sustainability goals of the developing world have led many industries to recycle their wastes and 

reduce emitting greenhouse gases. To contribute to these environmental responsibilities, this study has focused 

on the development of eco-friendly binder materials from regional ground tuff and marble wastes by the 

activation of sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) or slaked lime (Ca(OH)2). The results 

of this study show that alkali-activated composites experienced expansion, drying shrinkage cracking, leaching, 

and efflorescence. The compressive strength values of the NaOH and Ca(OH)2-activated pastes reached up to 

15 MPa and 9 MPa, respectively. A reduction in NaOH molarity improved the compressive strength, 

dimensional stability, and durability of tuff-based alkali-activated pastes.  

 

Keywords: Waste management, Waste disposal, Volcanic tuff,  Marble wastes, NaOH activator, Ca(OH)2 

activator, Alkali-activated cements, Physical properties, Mechanical properties 

 
 

1. Introduction 

 

The cement industry being the second largest greenhouse gas emitter [1], is responsible for 8% of 

global anthropogenic CO2 release [2]. The production of ordinary Portland cement which is the most 

common material used in the production of mortar, concrete, and other cementitious composites [3], 

results in the over-consumption of energy and natural resources [4]. The conservation of natural 

resources and environmental preservation can be achieved in the production of cement-based 

materials by partially replacing cement with by-products and wastes derived from power generation, 

timber manufacturing, iron and steelmaking, rice mill, mining industries, etc. [5, 6]. Much of these 

wastes can be recycled into making new products so as to reduce their detrimental effects on the 

environment [7]. Due to the ever-growing urbanization and the rapid development of industrialization 

these ever-increasing and harmful by-products and wastes can be advantageously used by partially 

replacing other raw materials in the production of new products [5]. Hereby, alkali-activated binders 

have recently become a popular research topic as an alternative to cement in material science and 

civil engineering [8-11].  

 

Low calcium-based precursor materials are referred to as alkali-activated binders (AABs) while 

geopolymer binders (GBs) are high-calcium-based materials [12]. Van Deventer et al. [13] classified 

the binders ranging from Portland-based cement to geopolymers according to their chemistry 

variations. Recently, Gökçe et al. [14] have schematically expressed the classification of binding 

materials as seen in Figure 1. Geopolymers, a new class of three-dimensional inorganic polymers, 

could be synthesized from many silica and alumina-based materials with the reaction of an alkaline 

solution [15, 16]. In addition to aluminosilicate based-chemical composition, characteristics of 

http://www.teknolojikarastirmalar./
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geopolymers are significantly varied by the fraction of glassy phase, soluble silicon, and aluminum, 

particle size distribution, presence of inert particles, particle morphology, and mineralogical structure 

[4]. Bhagath Singh and Subramaniam [17] have recently reported that the amount of alkaline solution 

and mechanical characteristics of the alkali-activated system are highly dependent on the reactive 

oxide fraction of the precursor.  

 

 
Figure 1. Classification of binders [14]. 

 

The development of AABs and GBs as an alternative to cement has provided an opportunity to utilize 

potential waste materials in commercial products [5, 18]. McLellan et al. [19] reported that 

geopolymer concrete mixtures could contribute to reducing greenhouse gases emission by up to 64% 

compared to those released from ordinary Portland cement concrete. Due to their rich aluminosilicate 

content, metakaolin [20], slag [21-23], bottom ash [24], rice husk ash [25, 26], bottom ash [27], fly 

ash [28-30] or their mixes [31-33] are the most preferred precursors in the production of alkali-

activated and geopolymer systems. 

 

As the availability of industrial by-products such as fly ash and slag fully depends on the production 

of their main products, natural aluminosilicate sources with lower footprints are becoming more and 

more popular in alkali-activated geopolymer systems [34]. Volcanic tuffs which are kinds of 

pozzolanic materials used in the cement industry are natural rich-aluminosilicate sources [35, 36]. 

Türkiye has rich natural resources of volcanic tuff [36] and marble stones [37] deserving the attention 

of researchers for their feasibility in the production of geopolymers and or AABs [38]. Marble wastes 

which are generated in great and ever-increasing quantities from quarries and workshops are rich in 

calcium oxide which poses a great threat to the environment and water if left unattended [38]. Thus, 

a great deal of recent research on making the most out of these wastes. Arel [39] have recently 

reported that wastes of marble stones could be recycled into cementitious systems with significant 

economic and ecological benefits. In their study, Saloni et al. [40] studied the effect of partially 

replacing natural aggregate with waste marble aggregate at various ratios ranging from 0 to 75% in 

fly ash-based alkali activated concrete. They concluded that replacing up to 50% natural aggregate 

with waste marble aggregates significantly improved mechanical properties such as compressive, 

flexural and split tensile strengths as well as the modulus of elasticity. Overall, they observed that the 

use of waste marble aggregate improved the pore structure through the densification of the 
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geopolymer matrix thanks to the formation of new polymeric and calcium-based products. Tammam 

et al. [41] studied the feasibility of waste filler materials and recycled waste aggregates on the 

development of geopolymer composites. They reported that the utilization of waste filler materials 

along with recycled aggregates successfully enhanced mechanical and durability properties of these 

composites.  

 

As the waste portion of marble reaches up to 90% in quarrying and processing, marble producing-

countries like China, Türkiye, Italy, Spain, and Greece encounter a huge amount of fine, block, and 

slab wastes that cause economic and environmental costs [42]. Hereby, these wastes of tuffs and 

marble are/can be recycled into the production of new materials. 

 

Xu and van Defender [43] reported that many kinds of natural aluminosilicate minerals can be used 

to synthesize geopolymer materials having compressive strength values ranging between 2.5 Mpa 

and 18.9 Mpa by using KOH and NaOH as activators. These activators are alkaline solutions made 

by using alone or a combination of NaOH, KOH, Na2SiO3, Ca(OH)2, and others [44]. According to 

a study conducted by Tekin [38], volcanic tuff wastes in combination with marble wastes were used 

to develop alkali-activated composites with 46-Mpa compressive strength at 90 days with the 

activation of 10 M NaOH solution alone. The use of NaOH and/or Na2SiO3 activators, as well as non-

commercial zeolitic material could be utilized to synthesize geopolymers and alkali-activated 

materials [45, 46]. Djobo et al. [47] have recently produced volcanic ash based-geopolymer mortars 

having satisfactory strength and durability characteristics with the aid of Na2SiO3 and NaOH as 

activators. Volcanic ash-based systems need to be researched further due to the significant role of 

mineralogy and chemistry of volcanic ashes on geopolymerization and, consequently, on mechanical 

properties [16].  

 

In this study, the effect of different alkaline activators with various molarity levels on setting time, 

water absorption, density, porosity, and compressive strength of waste-based alkali-activated pastes 

was investigated. Hence, the present study will contribute to the understanding of recycling potential 

of regional industrial wastes including volcanic tuff and marble dust, and to the development of eco-

friendly binders for the production of specific construction materials. 
 

2. Experimental Methods 

 

2.1. Materials 

 

In this study, tuff- and marble-based alkali-activated paste mixtures were produced by using sodium 

silicate, sodium hydroxide, and calcium hydroxide as activators. Volcanic tuff and marble wastes as 

presented in Figure 2 were collected from commercial regional production facilities in the Northeast 

of Türkiye. There are 3 kinds of tuffs in that region, which are found in colors of yellow, white, and 

green. Among them, yellow tuff is the most commonly used material in cladding tile production. 

Moreover, yellow tuff has the lowest hardness among the others. Therefore, 70% of stone waste arises 

from quarries. According to the mineralogical observation by the General Directorate of Mineral 

Research and Explorations (MTA), yellow tuff is derived from a matrix that has altered volcanic 

materials such as quartz, plagioclase, and stone particles. Calcite, feldspar, clay, pyroxene, and ferrite 

phases were observed in a fully altered matrix. Mineralogical and microscopic analyses are given in 

Figure 3 and Figure 4. According to the EDS analysis of Figure 3, clay- and silicate-based structures 

were found in the sample. 
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Figure 2. Volcanic tuff (a) marble dust (b) GPS coordinates 40.3318° N, 40.1438° E of the tuff 

location(c). 

 

 
Figure 3. Mineralogical analyses of yellow tuff from northeast Türkiye. 
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Figure 4. Microscopic analyses of yellow tuff from northeast Türkiye. 

 

Particle size distribution of the ground tuff and marble wastes by using a ball mill is presented in 

Figure 5. 90% of the yellow tuff powder (TP) and marble dust (MD) were obtained by passing through 

20- and 100-µm sieves, respectively. According to laser particle size analysis derived from 

Mastersizer 3000 instrument, it was determined that 70% and 45% ratios of the TP and MD particles 

were finer than 10 µm, respectively. The Blaine fineness of TP and MD was sequentially found to be 

24220 cm2/g and 2645 cm2/g. The chemical composition of the materials is given in Table 1. TP was 

used as a precursor material thanks to its rich aluminosilicate content and smaller particle size, while 

the role of MD was designed to be a filler material in the matrix due to its lower fineness. 

  

 
Figure 5. Particle size distribution of TPand MD. 
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Table 1. Oxide composition of TP and MD. 
Oxides TP MD 

SiO2 70.37 0.70 

Al2O3 11.01 - 

Fe2O3 0.83 0.20 

CaO 2.87 55.10 

MgO 0.87 0.20 

SO3 0.15 - 

Na2O 1.36 - 

K2O 1.79 - 

LOI 10.08 43.50 

Total 99.33 99.70 

 

Na2SiO3 solution (12% Na2O + 24% SiO2 + 64% H2O) with 40-42 Baume value in aqueous solution 

at 20 °C was used. Pellet form NaOH with 99.9% purity, and calcium hydroxide with 98% purity 

were used as activators in the preparation of the alkaline mixing solutions. 

 

2.2. Mix Proportions and Experimental Methods 

 

In this experimental study, the mix proportions of alkali-activated pastes were determined by using 

the absolute volume method in order to achieve the best stoichiometric ratios based on prior 

knowledge from a previous study by Tekin [38]. In total, twelve mix series as seen in Table 2 were 

designed for the activation of TP with and without MD by using Na2SiO3 solution in the presence of 

NaOH or calcium hydroxide. 

 

Table 2. Mix proportions and mix details. 

Mix 

ID 

Solid: 48% (by weight) Liquid: 52% (by weight) Liquid/solid 

material 

(by weight) 

Na2O 

(%) 

Alkali 

concentration TP MD Ca(OH)2 NaOH Na2SiO3 Sol. 

Nh 0.48 - - 0.16 0.36 1.1 16.7 High 

Nm 0.48 - - 0.14 0.38 1.1 15.4 Medium 

Nl 0.48 - - 0.12 0.40 1.1 14.1 Low 

Nh-M 0.26 0.22 - 0.12 0.40 1.1 14.1 High 

Nm-M 0.26 0.22 - 0.10 0.42 1.1 12.8 Medium 

Nl-M 0.26 0.22 - 0.08 0.44 1.1 11.5 Low 

Ch 0.24 - 0.24 - 0.52 1.1 N/A High 

Cm 0.25 - 0.25 - 0.50 1.0 N/A Medium 

Cl 0.26 - 0.26 - 0.48 0.9 N/A Low 

Ch-M 0.20 0.04 0.24 - 0.52 1.1 N/A High 

Cm-M 0.21 0.04 0.25 - 0.50 1.0 N/A Medium 

Cl-M 0.22 0.04 0.26 - 0.48 0.9 N/A Low 

* N/A: Solubility of Ca(OH)2 at 20°C H2O is 1.73 g/L, and molar mass Ca(OH)2 is 74.05g/mol. 

Hence, the maximum concentration of Ca(OH)2 solution that can be prepared at 20°C = 1.73g/L / 

74.05g/mol = 0.023 mol/L. Since Ca(OH)2 cannot be completely soluble in water, the molarity of 

Ca(OH)2 solution cannot be argued in an alkali-activated systems. Therefore, the not applicable 

“N/A” term is used in this table.  

 

A special mixing procedure was followed for the production of a homogenous alkali-activated paste 

matrix. In the NaOH-bearing series, an alkaline solution was prepared by dissolving solid pellets of 

NaOH in a Na2SiO3 solution. After cooling, the solution was mixed with TP for 45 secs at low speed 

(140 rpm). The mixing was elongated for 15 secs after MD addition. The final mixture was mixed for 

30 secs at high speed (280 rpm). In Ca(OH)2-bearing series, TP was mixed with Na2SiO3 solution for 
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30 secs at a low speed (140 rpm). In sequence, MD and Ca(OH)2 with a 15 sec-interval were added 

to the mixture, and the mixing was carried out for 30 secs. The final mixture was stirred for 30 secs 

at high speed (280 rpm). The total time used for preparing every mixture used in this study was 2 

min. The prepared mixtures were cast into 50-mm cube molds. After resting at the laboratory 

condition (20±2 °C and 50% relative humidity), the specimens were removed from the molds. While 

NaOH-bearing series were cured at 50% relative humidity in the laboratory at 20±2 °C, Ca(OH)2-

bearing series were kept in wet condition until 2 and 28 days when the compressive strength test was 

performed. The tailored-curing procedure of the alkali-activated systems is required to avoid leaching 

and cracking of the specimens from drying shrinkage. 

 

The standard consistency and setting time of the alkali-activated pastes were tested by following the 

procedures described in ASTM C187-16 [48] and ASTM C191-13 [49]. At constant dispersing 

Newtonian media, the workability of suspension systems is highly affected by the volume, particle 

size distribution and morphology of the solid particles in them. Hence, to make sure that all mixes 

possessed equal workability, standard consistency tests with the help of a vicat apparatus were 

performed in a series of trial and error. As a result, only mixes of normal consistency were selected 

for use. The 2 and 28-day compressive strengths were determined by the average result of 3 specimens 

for each series in accordance with ASTM C109/C109M-02 [50]. Oven-dry density and water 

absorption of the composites were determined according to ASTM C642-06 [51]. In addition, the 

apparent porosity of the samples was calculated by using Equation (1). Furthermore, the 

determination of specific gravity (SG) was carried out by using Le Chatelier flask as in [38]. Lastly, 

visual inspection as well as tape measuring at 2 and 28-day of curing were sought for in assessing 

dimensional stability of samples.  

 

P = SG × w                         (1) 

where P: apparent porosity (%), SG: apparent specific gravity of specimen, w: water absorption by 

weight (%). 

 

 

3. Results and Discussion 

 

Cartwright et al. [52] reported that when compared to ordinary Portland cement (OPC), alkali-

activated binders are prone to higher total shrinkage values possibly caused by drying, chemical 

activation, and carbonation. Furthermore, at ambient conditions (25 °C and 50% RH), the drying 

shrinkage of alkali-activated systems can reach up to 3 times higher that of OPC [53]. In this study, 

the appearance of the demolded specimens (after 24 h) are given in Figure 6a and 6b for NaOH- and 

Ca(OH)2-activated pastes, respectively. Cracks caused by drying shrinkage were more pronounced in 

Ca(OH)2-bearing mixtures, while enough (sufficient) dimensional stability was achieved in NaOH-

activated pastes. Häkkinen [54] reported long ago that the cracking is caused by the pore 

characteristics of alkali-activated systems. According to Gökçe and Tuyan [55], such cracks 

formations could be sufficiently reduced in geopolymer systems by the introduction of aggregate and 

the replacement of high Ca-bearing precursor material (Class C fly ash) with low Ca-bearing ones 

(Class F fly ash). 
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Figure 6. Appearances of hardened (a) NaOH- and (b) Ca(OH)2-activated pastes after 24 h. 

 

3.1. Setting Time 
 

The initial and final setting time values are presented in Figures 7a and 7b for NaOH- and Ca(OH)2-

activated pastes, respectively. The values are basic characteristics of hydraulic binders for 

determining the workability duration of produced mortar and concrete composites. As shown in 

Figure 7a, the presence of MD led to the decrease in setting time of NaOH-activated pastes at high 

and medium alkali concentrations. While the initial setting time values ranged between 4 min. and 45 

min., the final setting time values were between 15 min. and 60 min. The setting time values 

significantly decreased in Ca(OH)2-activated pastes. In general, the durations decreased to 8 min. for 

the initial setting and down to 37 min. for the final setting (Figure 7b). This can be identified as a 

flash set characteristic which is a well-known phenomenon in cementitious systems. Such binder 

properties can be desired for tailored-construction materials and industrial productions such as repair 

mortars and precast members. Furthermore, the setting times were found to be dramatically affected 

by the molarity of NaOH in exception of the final setting times for mixes without MD. As the molarity 

of NaOH within pastes decreases, setting times values increase and vice versa. This can be attributed 

to the fast dissolution of alumina silicate structures because of the higher pH values of the solution. 

Moreover, SiO2, Al2O3, and CaO-based formations become quickly formed in the presence of higher 

NaOH content. In the absence of MD, there were no significant changes observed in the final setting 

times of NaOH-based samples. In fact, the core of these samples remained wet even after 2 days of 

curing. It is thought that at high alkali concentration a strong barrier forms around the TP particles 

slowing down their reaction and the formation of the hydrates leading to longer final setting times. 
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Figure 7. Initial and final setting time values of (a) NaOH- and (b) Ca(OH)2-activated mixtures. 

 

Marble is mainly formed of calcite, or crystalline calcium carbonate [56]. The presence of calcite 

allows the formation of thermodynamically more stable carbonate phases from sulfoaluminate 

products, while it acts as an inert filler [57]. Hereby, the reactive characteristic of MD will contribute 

to the activation of aluminosilicate-based sources, and accelerate the setting time values. Similarly, 

Tekin [38] reported that the introduction of MD accelerated the setting time values of NaOH-activated 

geopolymers. The presence of free CaO in activators can reduce the setting time of the geopolymer 

systems further [34]. 

 

3.2. Water Absorption and Porosity 

 

In performing the water absorption and porosity test, the specimens were severely damaged during 

the keeping in water and oven. In general, NaOH-activated specimens were degraded in water as seen 

in Figure 8a, while the drying process in an oven at 105±5 °C disintegrated the Ca(OH)2-activated 

specimens as shown in Figure 8b. 

 

 
Figure 8. Degradation of (a) NaOH-activated specimens in water and (b) Ca(OH)2-activated 

specimens after oven drying. 

 

Table 3 presents water absorption, oven-dry density and porosity results of the 28-day alkali-activated 

specimens. The porosity levels ranging from 50.2 to 53.6% are found to be significantly higher 

compared to results previously obtained (from 14.5 to 22.6%) from a study performed by Gökçe et 

al. [58]. The highly porous structure contributes to the density decrement of hardened specimens 

down to 1014 kg/m3 in this study. According to Haga et al. [59], this study presents almost similar 

porosity (51.6%) and density (≈1050 kg/m3) as hydrated cement paste produced with a 0.8 of w/c 

ratio.   
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Table 3. Physical characteristics of alkali activated specimens. 

Mix ID 
Liquid/solid 

(by weight) 

Water absorption 

(%) 

Density 

(kg/m3) 

Porosity 

(%) 

Nh 1.1 - - - 

Nm 1.1 49.6 1058 52.5 

Nl 1.1 47.9 1111 53.2 

Nh-M 1.1 - - - 

Nm-M 1.1 - - - 

Nl-M 1.1 - - - 

Ch 1.1 52.5 1014 53.3 

Cm 1.0 49.8 1054 52.5 

Cl 0.9 47.0 1083 50.9 

Ch-M 1.1 52.0 1030 53.6 

Cm-M 1.0 48.4 1060 51.2 

Cl-M 0.9 45.0 1114 50.2 

 

A good linear relationship (see Figure 9) was founded between the liquid-to-solid ratio and porosity 

of Ca(OH)2-activated mixtures. The increment in the liquid-to-solid ratio resulted in slightly higher 

porosity for these specimens. This finding broadly supports the work of previous studies in this area 

linking the increase in L/S ratio with porosity increment [60]. In their study, Marczyk et al. [60] 

reported that the density of geopolymers decreased with increase in L/S ratio. Similarly, Jaya et al. 

[61] observed that there is a loss in compressive strength with increase in L/S ratio. This can be 

explained by the formation of a lesser dense aluminosilicate matrix. In other words, the increase in 

L/S ratio engenders large interparticle distances resulting in large pores left unfilled by the hydration 

products [61]. Marczyk et al. [60] explained that it could also be related to the condensation effect 

that occurs during the polymerization reaction.  Furthermore, the increment in porosity for Ca(OH)2-

based specimens can also be attributed to severe drying shrinkage cracks.  As reported by Gökçe et 

al. [58] remarkable porosity increments can cause significant strength loss in alkali-activated and 

geopolymer binders. On the other hand, such high-volume porosity characteristics cause severe 

leaching potential, high density, and strength loss in even hardened cement pastes [59]. 

 

 
Figure 9. Relation between liquid-to-solid ratio and porosity for Ca(OH)2-activated specimens. 

 

3.3. Compressive Strength 

 

The 2- and 28-day compressive strength values are given in Figure 10a and 10b for NaOH- and 

Ca(OH)2-activated pastes, respectively. The introduction of MD and reduction in alkaline molarity 

remarkably improved the compressive strength of NaOH-activated pastes. The ultimate (28-d) 

compressive strength of Ca(OH)2-activated pastes reduced in presence of MD while there are 
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negligible variations in 2-day compressive strength results. There is no clear effect of alkaline 

molarity on the 2- and 28-day compressive strength values of Ca(OH)2-activated pastes. When 

compared to the compressive strength values of NaOH-activated specimens reaching up to 14.6 MPa, 

the lower compressive strength values of Ca(OH)2-activated mixtures reaching up to 9.0 MPa are 

possibly caused by severe crack formations on hardened specimens. 

 

 
Figure 10. 2- and 28-day compressive strength values of (a) NaOH- and (b) Ca(OH)2-activated 

mixtures. 

 

After the testing of compressive strength, core parts of the tested NaOH-activated specimens were 

found to be wet, the observed inner core wetness was especially in higher percentages for specimens 

with high alkaline activator. The high barrier quality of alkali aluminosilicate hydrate gels formed in 

outer parts of specimens blocks the release of some water involved in reactions [62], which explains 

the reason some NaOH-activated specimens of this study were found to have no or very low 

compressive strength values after 2 days. Moreover, the unexpected decrement in the compressive 

strength results was mainly caused by the deterioration of the specimens due to longer curing times. 

Furthermore, the incorporation of MD in NaOH-activated specimens led to the increase in 

compressive strength at both 2 and 28-day. For instance, with the introduction of MD there occurred 

strength increments of about 120% and 65% for sample Nl (without MD) and Nl-M (with MD), after 

2 and 28 days respectively. The same trend was observed for all other samples albeit at different 

ratios. Furthermore, it has been observed that MD introduction greatly improved the dimensional 

stability of NaOH-activated specimens. The increase in strength with MD introduction can be 

attributed to the formation of additional calcium-based products that led to the densification of the 

matrix through the refinement of pores. Jindal et al [63] explained that despite MD not bearing 

pozzolanic properties, in presence of an alkaline solution, the CaO in its structure may react with this 

solution to form additional CSH, CASH and NASH. As for Ca(OH)2-based it was observed that the 

compressive strength of these samples decreased at 28 days to become slightly lower than that of 2 

days. The most plausible reason is thought to be the severity of shrinkage cracks experienced by these 

samples especially at 28 days. Similar results were reported by Tammam et al [41] who suggested 

that the presence of MD in Ca(OH)2-based AABs could led to the generation of excessive heat of 

hydration which gives way to severe cracking of samples impeding the formation of a dense and 

homogenous matrix. In The presence of MD, the pore structures (Figure 11a) of NaOH-based 

specimens were found to be significantly smaller than those (Figure 11b) of Ca(OH)2-based 

specimens at 28 days. Therefore, the smaller pore structure expresses the reason for the higher 

compressive strength results found in NaOH-based specimens exposed to prolonged curing. 
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Figure 11. Pore structure of (a) NaOH-based and (b) Ca(OH)2-based specimens. 

 

Some deteriorations which are observed as severe efflorescence and crack propagation (see Figure 

12a and 12b) softened the hardened NaOH- and Ca(OH)2-activated specimens, thus reducing their 

mechanical properties. The efflorescence formation was gradually deteriorating with an increment 

of; alkaline molarity content for NaOH-activated mixtures, and relative humidity for Ca(OH)2-

activated mixtures. 

 

 
Figure 12. Deterioration of (a) NaOH- and (b) Ca(OH)2-activated specimens. 

 

High pH level caused by high alkali concentrations reduces the solubility of CaO, and interrupts its 

bonding with NaO. So, the free NaO tends to lead to the carbonation of specimens, especially at 

deleterious amounts in high alkaline mixtures. Due to the higher volume, the dried alkali carbonates 

cause an expansion and reduction in the compressive strength of alkali-activated pastes [64]. The 

dimensional stability of the NaOH-activated specimens is very poor in elongated curing time. The 2-

day (Figure 13a) and 28-day appearances (Figure 13b) of a specimen show that the NaOH-activated 

systems have poor volumetric stability. 

 

 
Figure 13. (a) 2- and (b) 28-d appearances of a NaOH-activated specimen (Nh). 

 

The oxide compositions and certain constants of the alkali-activated mixtures are presented in Table 



Tekin İ., Ciza B., Gökçe H.S. ECJSE 2023 (1) 371-387   

 

383 

4 in order to understand the geopolymerization kinetics.  

 

Table 4. The oxide compositions (XRF) of 28-d specimens. 

Oxide fractions Nh Nm Nl Nh-M Nm-M Nl-M Ch Cm Cl Ch-M Cm-M Cl-M 

SiO2 28.2 28.8 29.4 42.5 43.0 43.4 27.4 27.5 27.6 29.8 30.1 30.4 

Al2O3 2.8 2.8 2.8 5.2 5.3 5.2 2.2 2.3 2.5 2.6 2.8 2.9 

Fe2O3 0.3 0.3 0.3 0.4 0.4 0.4 0.2 0.2 0.2 0.2 0.2 0.2 

CaO 12.8 12.8 12.8 1.4 1.4 1.4 2.5 2.6 2.8 0.7 0.7 0.8 

MgO 0.3 0.3 0.3 0.4 0.4 0.4 0.2 0.2 0.2 0.2 0.2 0.2 

SO3 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 

Na2O 17.6 15.5 13.3 21.4 19.6 17.9 30.4 31.3 32.3 30.4 31.4 32.3 

K2O 0.5 0.5 0.5 0.9 0.9 0.9 0.4 0.4 0.4 0.4 0.4 0.5 

LOI 37.3 38.8 40.4 27.5 28.7 30.0 36.6 35.3 33.8 35.5 34.0 32.5 

SiO2/Al2O3 10.0 10.2 10.4 8.1 8.2 8.3 12.3 11.8 11.2 11.4 10.9 10.5 

Na2O/Al2O3 6.2 5.5 4.7 4.1 3.7 3.4 13.6 13.4 13.1 11.6 11.4 11.2 

SiO2/Na2O 1.6 1.9 2.2 2.0 2.2 2.4 0.9 0.9 0.9 1.0 1.0 0.9 

Na2O/Al2O3 6.2 5.5 4.7 4.1 3.7 3.4 13.6 13.4 13.1 11.6 11.4 11.2 

CaO/SiO2 0.5 0.4 0.4 0.032 0.032 0.031 0.1 0.1 0.1 0.023 0.024 0.025 

 

The design of geopolymer systems in SiO2/Na2O ratio of 1.5 is important to exhibit lower porosity, 

higher density, and strength [65]. Although the present study is of similar SiO2/Na2O ratios, the other 

constants remarkably deteriorate the satisfactory strength results. In this respect, Zhang et al. [66] 

recommended the SiO2/Al2O3 of 4.5 and the Na2O/Al2O3 of 0.8 to improve the strength of geopolymer 

systems. As seen from Table 4, the Al2O3 content of the systems is insufficient. Thus, the 

geopolymerized structures could not be formed completely in the present study due to the selection 

of a poor aluminosilicate source (TP). On the other hand, the presence of high CaO contributes to the 

cementitious gels and densifies the microstructures by filling the pores from inert parts of it in early 

curing periods. Acceleration of setting time and early strength gain of the Ca(OH)2-activated 

specimens are caused by the aforementioned phenomena. 

 

4. Conclusions 

 

Global and regional diversity force many researchers to find locational and tailored solutions 

contributing to the responsibilities and sustainability goals of the modern construction industry. An 

effort was made to develop an alkali-activated binder from regional volcanic tuff and marble wastes 

in the current study. The following conclusions can be drawn from the setting time, porosity and 

compressive strength results of these alkali-activated binders: 

 

• The Ca(OH)2 activator remarkably accelerated the setting time of these binders compared to 

NaOH. The variation allows the use of binders in tailored fields. NaOH-activated binders can be used 

in an in-situ application while Ca(OH)2-activated binders are recommended in the precast industry. 

However, the final setting time values (for NaOH-activated binders: 60 min. and Ca(OH)2-activated 

binders: 37 min.) are still short compared to that of cement counterparts. 

• The alkali-activated materials produced mainly from volcanic materials were found to be 

significantly porous (porosity: 50.2%≤) and lighter (density: ≤1114 kg/m3) structures. The increment 

of the liquid-to-solid ratio increased the porosity up to 53.6% and decreased the density down to 1014 

kg/m3. There were found good linear relations (R2: 0.96≤) between the liquid-to-solid ratio and 

porosity of Ca(OH)2-activated pastes.  

• The introduction of MD led to the refining of the pore structure for NaOH-based samples. 

Whereas for Ca(OH)2-based samples, it gave way to severe shrinkage cracks and higher permeability. 

• The NaOH activator was found more suitable for the strength development of alkali-activated 

systems compared to the Ca(OH)2 activator. Waste marble dust introduction improved the 

compressive strength of the NaOH-activated mixtures up to 14.6 MPa. The ultimate (28-day) 

compressive strength of Ca(OH)2-activated mixtures was found remarkably lower (reduced from 9.0 
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MPa to 4.7 MPa) in presence of marble dust. In addition, the introduction of marble dust slightly 

softened the 2-day Ca(OH)2-activated specimens at 28 days. 

• In conclusion, the authors of the present study recommend the NaOH+Na2SiO3 activation for 

the blending of volcanic tuff and marble dust obtained from regional wastes in low alkaline 

concentrations to produce an alternative alkali-activated binder material having enough volumetric 

stability, drying shrinkage, leaching and efflorescence potential.  
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