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ABSTRACT 

This study investigates the effects of curing temperature on alkali-activated fine particles of undivided 

construction and demolition waste (CDW) aggregates. Previous investigations demonstrated that such 

activated fines can stabilize the whole mixture thereby improving its mechanical properties. To 

comprehensively investigate the behaviour of the activated fine, its strength and leaching properties under 

different curing temperatures were compared to those of the four alkali-activated powders of CDW aggregate 

constituents (concrete, reclaimed asphalt, bricks and tiles, and natural aggregate). 

Flexural and compressive strength tests at 28 days of curing were performed on different pastes 

prepared with different liquid to solid (l/s) mass ratios (0.4, 0.5, and 0.6), and cured at 5, 20, 40, and 80 °C. 

All components showed satisfactory strength properties for l/s = 0.4, which was found to be optimal. A 

significant enhancement of the mechanical properties was observed for specimens treated at 80 °C. However, 

non-negligible strength values were obtained at other temperatures. In particular, the undivided fractions 

showed satisfactory results and a low variability in properties when cured at average roadside temperatures - 

5 to 40 °C. Following leaching tests, the environmental compatibility of alkali-activated materials was deemed 

satisfactory with the concentration of pollutants considerably below the threshold of the European Council 

Decision 2003/33/EC for non-hazardous waste.  
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HIGHLIGHTS 

 Alkali-activation (AA) of CDW fines (concrete, asphalt, bricks and tiles, natural aggregates). 
 Potential of the undivided CDW fraction to undergo alkaline activation. 
 Acceptable strength development at roadwork laying temperatures. 
 AA-CDW undivided fines are classifiable as non-hazardous wastes. 
 AA-CDW undivided fines is a stabilizing agent for recycled aggregate for subbase pavement layers. 
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1. INTRODUCTION 

The production of waste from construction and demolition activities continues to grow worldwide. Around 

one-third of the waste annually generated in the EU (i.e. 905 million of tonnes in 2016) derives from the 

construction, renovation, and demolition of building and civil infrastructures [1]. Construction and demolition 

waste (CDW) is converted into recycled aggregate through separation, cleaning, and crushing operations in 

treatment plants, and employed as alternative aggregate and filling material in the civil engineering sector. 

CDW aggregate derives from a variety of materials with different levels of toughness and hardness, depending 

on the origin of the waste. In particular, undivided CDW aggregate usually contains particles of recycled 

concrete (RC), reclaimed asphalt pavement (RA), ceramic products such as crushed bricks and tiles (BT), 

natural aggregates and excavated soils (NA), and occasional limited quantities of impurities (i.e. gypsum, 

wood, plastic, paper, metals) [2]. 

Several studies showed encouraging results from the use of CDW aggregate in total or partial 

substitution of primary resources in many civil applications [3]; [4]; [5]. Due to the large volumes involved, 

the greatest amount of CDW aggregate is used in the construction of subgrades and embankments of low to 

medium trafficked roads [6]. To make CDW aggregates suitable for use in the structural layers of road 

pavements (i.e., subbase and base) of trafficked roads, they must first be stabilized.  

Several experimental investigations proposed the stabilization of CDW aggregates with ordinary 

Portland cement (OPC) [7]; [8]; [9]; [10]. However, concerns relating to the environmental sustainability of 

OPC [11] have resulted in researchers shifting their attention towards the use of supplementary cementitious 

materials (e.g., fly ashes, cement kiln dust [12]; [13]; [14]) or alternative binders such as sulfoaluminate 

cement, alkali-activated materials, and geopolymers [15]; [16]; [17]; [18]; [19]. 

In particular, geopolymers and alkali-activated materials are attracting great interest thanks to the 

possibility of achieving hardened products with physical and mechanical properties comparable to 

cementitious ones, starting from several by-products as precursors [19]; [20]; [21]; [22]; [23]. According to 

Davidovits [24], geopolymers have a three-dimensional polymer structure deriving from the dissolution of 

silica and alumina species and subsequent condensation phenomena. On the other hand, alkali-activated 

materials are produced by adding highly reactive powders to the alkaline activator, resulting in high-strength 

materials with hydrated and/or precipitated products [20]; [21]; [22]. The precursors in the alkali-activation 

process are mainly silica and alumina rich materials, but ferrous or non-ferrous slags, calcined clay, natural 

pozzolans, Ca-rich materials and many other by-products have been exploited as well [19]; [20]; [22]; [23]; 

[25]; [26]; [27]; [28]. 

Recently, the authors of this research adopted two innovative approaches, one which implies the 

alkali-activation of mineral waste with a highly crystalline structure [29]; [30], the second that uses CDW fines 

[31]; [32]. To date, previous studies have employed CDW aggregate as a reinforcement in alkali-activated 

materials [33], or have explored the feasibility of cementitious (RC) and ceramic (BT) components of CDW 

fines undergoing alkali-activation, exploiting their aluminate and silicate content [34]; [35]; [36]; [37]; [38]; 



3 
 

[39]. The majority of these investigations proposed a thermal curing treatment to improve the dissolution of 

these waste powders in the alkaline medium, and therefore their reactivity [40]; [41]; [42]; [43]; [44]; [45].  

To be used in road constructions, any recycled material needs to comply with physical, mechanical 

and environmental requirements. In fact, in the road pavement, base and subbase layers may interact with 

rainwater and/or groundwater. Then, there is the need to assess the leachate of harmful substances during the 

pavement service life [46], since potential hazardous pollutants can dissolve into the percolating water, 

becoming a potential risk for the environment [47]; [48]. 

In this research, CDW fines have been used in the alkaline activation process, without the addition of 

any other binder or supplementary reactive precursors (e.g., fly ash, blast furnace slag) to the raw material. 

The innovative aspects of this research compared to the literature are multiple. The potential for all constituents 

of CDW aggregate (also including RA and NA which have not been considered in literature) to undergo alkali-

activation has been investigated here. Furthermore, fine particles were differentiated into six fractions and 

investigated separately. Four were obtained from the milling of the four main constituents of CDW (RC, RA, 

BT, and NA), one was produced by sieving the fine naturally present in CDW aggregate (named UND1) the 

composition of which is unknown. Therefore, in order to compare this component with a powder of known 

composition, the last fraction was composed by mixing particles of RC, RA, BT, and NA in equal measure 

(named UND2). Thermal treatments at several temperatures (5, 20, 40 and 80 °C, for 48 h) were applied to 

specimens to understand the effects of different thermal conditions on practical field roadwork applications 

(temperatures in the field can range from about 5 °C to 40 °C), and to understand the behaviour of the materials 

with respect to optimal curing conditions for alkaline-activated binders (80 °C) [40]. 

Compared to a previous author’s contribution [32], several factors are new in this investigation: (i) the 

variable liquid to solid (l/s) mass ratio ranging from 0.4 to 0.6, (ii) the evaluation of the strength development 

under curing temperatures between 5 and 80 °C; (iii) the addition of the UND2 fraction to evaluate the effects 

of a different blend of the four basic CDW fine constituents, and (iv) the evaluation of the environmental 

compatibility of alkali-activated products as per the leaching test. The experimental design is aimed at 

assessing the potential of UND1 to undergo alkali-activation and be effectively used as a precursor in the 

stabilization of CDW aggregate for the granular base and subbase pavement layers of heavily trafficked roads.  

 

2. MATERIALS AND METHODS 

2.1 Materials 

Undivided CDW aggregates in the 0-25 mm size fraction were collected from the Cavit S.p.A. plant located 

in the metropolitan area of Turin (North West of Italy). This recycling plant processes waste generated from 

the micro demolition and renovation of buildings and civil infrastructures through selection, crushing, 

cleaning, and sieving operations. According to Bassani and Tefa [49], in the Turin area several recycling plants 

produce undivided CDW aggregate, which is predominantly made up of RC and NA particles (70-95%wt), 

and of a significantly lower amount of RA and BT (5-30%wt). Less than 1%wt was made up of impurities 

(wood, glass, plastic and paper). Variations in proportions derive from the unselected reception of both 
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demolition and construction wastes. The volume of a particular constituent present depends on the source of 

the material (construction and demolition of buildings, pavement renovation, pavement cuts and repairs, 

earthworks). As a result, CDW composition may vary between plants and even within the same plant over 

time.  

From collected CDW aggregates (0-25 mm), the undivided fine sample (named UND1), which is an 

unknown mixture of the four main constituents, was obtained by sieving operations. More specifically, two 

different size fractions d < 0.063 mm and 0.063 ≤ d < 0.125 mm were selected according to Komnitsas et al. 

[40], who indicated that particles finer than 0.150 mm are more reactive under alkali-activation. Particles of 

these two size fractions were combined in equal measure (50% of mass each) to form the initial precursor 

powder, in accordance with a previous investigation [32]. 

With the aim of comparing the properties of AA UND1 with those of the four main constituents (RC, 

RA, BT, and NA), samples of the constituents in powder form were individually subjected to AA. Particles of 

RC, RA, BT and NA larger than 10 mm were visually separated from each other and then pulverized in a 

hollow drum. About 3 kg of separated constituent powders were placed into the Los Angeles abrasion machine 

together with 15 steel balls of 430 g each (at a speed of 33 rpm for 45 minutes). In the end, each powder was 

sieved at the 0.063 and 0.125 mm openings to obtain the two d < 0.063 mm and 0.063 ≤ d < 0.125 mm fractions. 

Consistent with the treatment of the UND1 sample, these two fractions were then mixed in equal measure 

(50% of mass each) (Figure 1). Since UND1 is an undefined combination of RC, RA, BT, and NA fines with 

minor quantities of unidentified impurities, a sixth fraction named UND2 was prepared by combining in equal 

parts (25% each) RC, RA, BT, and NA fines already mixed in the two size fractions (d < 0.063 mm and 

0.063 ≤ d < 0.125 mm). The compositional proportion of UND2 powders was selected to have a precursor 

containing the main constituents (RC, RA, BT, NA). 

 

   

   
Figure 1 - Fines from CDW powders separated into their main constituents (RC, RA, BT, NA) together with mixtures 
(UND1, UND2) 
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The alkaline solution used to activate the above powders was produced in two stages. Firstly, 

anhydrous flakes of sodium hydroxide (NaOH, purity > 98%, Sigma Aldrich) were diluted in distilled water 

at 50 wt%. Secondly, sodium silicate (Na2SiO3, Ingessil s.r.l., Italy), already in liquid form and characterized 

by a SiO2/Na2O mass ratio of 3.4 (i.e., SiO2 = 28.1%, Na2O = 8.4%, H2O = 63.5%) and a pH of 11.6, was 

added to the NaOH solution in a 4:1 mass ratio, to produce the final activating solution [29]; [32]. 

 

2.2 Characterizations of CDW fines 

X-ray diffraction (XRD) analyses were performed on raw powders (d < 0.063 mm) by using a Pan'Analytical 

X'Pert Pro instrument (Pan'Analytical, Almelo, The Netherlands) with CuKα radiation (0.154056 nm) in the 

2θ range 5-70°. As evident from Figure 2, all the raw fines were composed of well-crystallized phases. All 

fractions were characterized by the presence of quartz, whose main peak (located at 26.65° 2) shows a 

predominant intensity over the XRD reflections of all other phases. Calcite (main peak at 29.405° 2) was also 

present in all the samples, showing the strongest peak intensity in RC and NA samples, and the lowest one in 

BT, as expected in this waste source [50]. In addition, several aluminosilicate phases (such as albite, illite, 

phlogopite, lizardite, cordierite, clinochlore, muscovite) were detected in all fractions. Outside of some 

expected differences in peak intensities, the indexed phases are generally in good agreement with a previous 

work [32].  

The chemical composition of the starting powders (in particular that of the smaller size fraction, which 

is supposed to be the more reactive under alkaline conditions) was investigated by X-ray fluorescence (XRF, 

Rigaku ZSX 100E) analysis. According to the results reported in Table 1, all the fractions contain a significant 

amount of SiO2 and Al2O3, suggesting their potential for alkali-activation. BT is characterized by the largest 

amount of alumina and silica, in addition to a relevant amount of Fe2O3, which explains the reddish appearance 

of this ceramic waste [51]. Moreover, the role of Fe species in the alkali-activation process has been 

investigated by several authors, showing that the production of ferrosialates (Fe(Al)–S–H) can also contribute 

to the achievement of high-mechanical properties [19]; [23]; [52]; [53]. The elemental composition of BT is 

in line with previous literature: the amounts of SiO2 (59%) and Al2O3 (18%) are in broad agreement with the 

range 50-66% and 9-21% reported for these two oxides, respectively [44]; [54]. Consistently with Allahverdi 

and Kani [34] and Puthussery et al. [55], a significant amount of CaO is detected in RC as a consequence of 

residual cement and calcium-rich aggregate included in this component [56]. A comparable elemental 

composition can be evinced by the UND1 and UND2 fractions, with significant quantities of silica (45 and 

47%, respectively) and alumina present (greater than 14% and 10% for UND1 and UND2 respectively). These 

values are consistent with previous results [57]; [58]; [59]; [60]. 
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(a)  

  

(b) (c)  

  

(d) (e) 

Figure 2 - XRD patterns of (a) UND1, (b) RC, (c) RA, (d) BT, and (e) NA raw powders and alkali-activated pastes cured at 
80°C (AA-80°C). Q = quartz; C = calcite; A = albite; L = lizardite; Cl = clinochlore; Ph = phlogopite; Cd = cordierite; CH = 
portlandite; E = ettringite; M = microcline; Mu = muscovite; H = hematite. 
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Table 1 - XRF results of CDW fines 

Element 
Mass (%) 
RC RA BT NA UND1 UND2 

SiO2 36.69 46.49 58.75 43.19 45.15 47.03 
Al2O3 6.45 9.61 18.19 6.95 14.42 10.30 
CaO 25.70 8.01 4.63 16.57 11.53 13.73 
Fe2O3 3.46 4.12 7.03 4.41 4.84 4.75 
MgO 8.21 15.59 5.03 13.94 7.07 10.69 
SO3 1.14 1.38 0.24 0.00 1.73 0.69 
K2O 0.98 1.19 2.48 0.88 2.06 1.38 
TiO2 0.35 0.42 0.95 0.33 0.64 0.51 
LOI (1000 °C) 14.02 13.19 1.2 12.38 11.41 10.20 

 
Several authors investigated the dissolution of minerals in alkaline environments attesting to their 

potential in the alkali-activation process [26]; [61]; [62]; [63]. Konno et al. [62] studied the dissolution of 

calcite for different NaOH molar concentrations and temperatures, confirming the release of Ca2+ ions and the 

formation of Ca(OH)2 for NaOH concentrations higher than 2 M. Moreover, Cwirzen et al. [61] demonstrated 

that the presence of limestone enhances the Si and Al dissolution from metakaolin. Finally, Ahmari et al. [63], 

determined the Si and Al dissolution from copper mine tailing (i.e. crystalline materials mainly composed of 

quartz, albite and sanidine) for different NaOH concentrations and temperatures. The dissolution of Si and Al 

was higher at 90 °C than at 60 °C and increased in line with an increase in NaOH molar concentration (from 

5 to 15 M). These results confirm the possibility of partially dissolving crystalline materials in alkaline 

environments, allowing some hydration/precipitation reactions. 

A laser granulometer (Fristch Analysette 22) was employed to determine the particle size distribution 

(Figure 3) of the raw powders for both size fractions (d < 0.063 mm and 0.063 ≤ d < 0.125 mm). All fractions 

show particle size distributions in close proximity to each other, in particular the coarser fraction for which 

almost superimposable curves are observed. The d50 value is in the 13-20 m range for the finest fraction, and 

in the 90-102 m range for the coarser one.  

Table 2 exhibits the particle density (p) values for the different CDW fines, determined by the 

pycnometer method according to EN 1097-7 [64]. The procedure was carried out on powders obtained by 

mixing the two size fractions (d < 0.063 mm and 0.063 ≤ d < 0.125 mm) at 50%wt. NA and BT particles show 

the greatest p values. On the other hand, traces of residual cement binding with aggregate ensure that the RC 

constituent is characterized by a lower density [65]. Similarly, the low density of RA particles is imputed to 

the bitumen which has a density of around 1020 kg/m3 [66]. UND1 and UND2 fines exhibit intermediate 

density values. However, their densities are slightly higher (for UND1) and lower (for UND2) compared to 

the weighted average density (2603 kg/m3) of the previously mentioned four fractions. The intergranular 

porosity of dry compacts () was determined by means of the Rigden compaction apparatus, according to EN 

1097-4 [67], and calculated by using the following formula:  

υ = (1 −
∙ ∙  

∙ ∙ ∙
) ∙ 100          Eq. 1 

where m is the mass of the compacted fines (g),  is the internal diameter of the cylinder mould (mm),  is the 

particle density of the fines (Mg/m3), and h is the height of the compacted fines (mm).  
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(a) (b) 

Figure 3 - Particle size distribution of CDW fine fractions: (a) d < 0.063 mm, (b) 0.063 - 0.125 mm 
 

Table 2 - Density of CDW fine particles and intergranular porosity related dry compacts (on powders obtained at 50%wt by 
mixing the two size fractions) 
Constituent Particle density p (kg/m3) Intergranular dry porosity,  (%) 
RC 2574.0 34.5 
RA 2379.5 26.0 
BT 2752.0 34.3 
NA 2705.0 30.0 
UND1 2625.5 33.3 
UND2 2565.5 31.2 

 

2.3 Mixture design and sample preparation 

Raw powders were mechanically mixed with the alkaline solution. The liquid activator was gradually added 

and the fresh paste mixed until it achieved a homogeneous appearance. The subsequent experimentation was 

divided into two phases. 

In phase 1, the effect of the solid-to-liquid proportion on the development of mechanical strength 

values was explored with a view to assessing which proportion resulted in the best mechanical properties. 

Three different mix-proportions of the liquid activator and the raw powder were considered, with a 

liquid-to-solid mass ratio (l/s) set at 0.4, 0.5 and 0.6 consistent with literature [38]; [41]. Table 3 summarizes 

the mass proportion between the solid phase in the two size fractions, and the liquid phase separated into the 

alkaline solution components (NaOH, Na2SiO3, and water). Immediately after mixing, the pastes were cast 

into prismatic moulds (80×20×20 mm3) and cured at room temperature (20 °C) for 24 h. Afterwards, the 

samples were demoulded, and cured for a further 27 days prior to testing. 

Once the optimal l/s mass ratio was selected, phase 2 of the experimentation was conducted to 

investigate the effect of curing temperature on the development of mechanical strength. Specimens were cured 
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at four different temperatures (5, 20, 40 and 80 °C) for 48 h and then at room temperature prior to testing (total 

curing time = 28 days). More precisely, specimens were kept at these four temperatures for 48 h, during which 

samples exposed to 40 °C and 80 °C were kept in plastic bags to prevent water loss. 

During a preliminary stage of the investigation, it was observed that AA specimens containing RA, 

BT, and NA were slower to harden than RC, UND1, and UND2. In this preparatory phase, alkali-activated 

CDW precursors were cured at 20 °C and RH > 90% and tested after 7 days. Under these curing conditions, 

RA, BT, and NA materials were not fully hardened, especially in the core of prismatic specimens. Hence, to 

promote their hardening, AA-RA, -BT, and -NA samples were stored for 5 days at room temperature (20 °C) 

after the 48-hour thermal treatment (Figure 4). Afterwards, they continued their curing in the 

humidity-controlled chamber, at 20 °C and RH > 90% for a further 21 days.  

Since AA-RC, -UND1 and -UND2 mostly need humid conditions during curing, specimens of these 

materials were transferred directly into the humidity-controlled chamber (after heat-curing) and kept there for 

the following 26 days. 

 
Table 3 - Composition of mixtures at the three l/s mass ratios 

Component Subcomponent 
Mass percentage (%) 
l/s = 0.6 l/s = 0.5 l/s = 0.4 

Powder 
(d<0.063 mm) 31.3 33.3 35.7 
(0.063mm<d<0.125 mm) 31.3 33.3 35.7 
Total 62.5 66.7 71.4 

Sodium hydroxide 
NaOH 3.8 3.3 2.9 
H2O 3.8 3.3 2.9 
Total (NaOH + H2O)* 7.5 6.7 5.7 

Sodium silicate 
Na2SiO3 10.8 9.6 8.2 
H2O 19.2 17.1 14.6 
Total (Na2SiO3 + H2O) 30.0 26.7 22.9 

Notes: * 15 M NaOH 

 

 

Figure 4 - Curing procedure for the samples prepared in phase 2 
 

 

2.4 Characterizations of hardened pastes  

The specimens were first smoothed and levelled, and then measured and weighed. The effectiveness of 

alkali-activation was measured in terms of strength development. The flexural strength (f,max) values for five 

prismatic samples were measured in the three-point bending configuration with a bottom span between 
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supports equal to 60 mm. Compressive strength (c,max) tests were performed on the two residual pieces 

obtained after performing the flexural test on ten samples, in accordance with EN 196-1 [68]. An 

electro-pneumatic testing machine (MTM Zwick/Roell) equipped with a 50 kN loading cell was employed for 

both flexural and compressive strength tests applying a constant strain rate of 0.25 and 0.5 mm/min 

respectively. Flexural and compressive strength tests were performed on samples cured for 28 days. In the case 

of the UND1 and UND2 fractions, the short-term strength development was investigated as well, by 

performing flexural and compressive strength tests on pastes cured for 7 days. Alkali-activated paste 

morphologies were examined by means of a FESEM (Zeiss Supra-40, Oberkochen, Germany) on fractured 

surfaces after sputtering samples with a thin coating of gold. 

The leaching tests for RC, RA, BT, NA, and UND1 were carried out according to EN 12457-2 [69]. 

The leaching procedure adopted in this investigation is representative of the end-of-life scenario since it uses 

to materials which are not in the monolithic state as it is during the service life. To evaluate the effect of the 

alkaline solution on the leakage of environmentally harmful substances, the test was performed on both raw 

and reacted products. Raw fines were subjected to leaching tests in the same size fractions employed for the 

preparation of specimens (i.e. 50% in mass of fine < 0.063 mm, and 50% in mass between 0.063 and 

0.125 mm). On the contrary, hardened specimens (prepared at a l/s equal to 0.4, and cured at 20 °C for 28 

days) were first ground with a jaw crusher to reduce the particle size (d < 4 mm). As per EN 12457-2, solid 

particles were mixed with a leaching agent (distilled water) in a liquid to solid mass ratio of 10 for 24 h. The 

anion (Cl-, F-, SO4
2-) and cation (Cr, Ni, Cu, Zn, As, Se, Cd, Ba, Hg, Pb) concentration in the eluate was 

determined according to EN ISO 10304-1 [70] and EN ISO 17294-2 [71], respectively. To compare the results 

with the thresholds of the Council Decision 2003/33/EC [72], concentrations of pollutants in the eluates 

(in mg/l) were converted into concentrations per each kg of dry solids (mg/kg) as per EN 12457-2. 

 

3. RESULTS AND DISCUSSION  

3.1 Effect of the liquid-to-solid (l/s) mass ratio (phase 1) 

Figure 5 displays the average specimen density values after 28 days of curing as a function of the l/s mass 

ratio. The important role played by the l/s mass ratio can be observed: with the sole exception of BT, all other 

specimens showed the highest density at the lowest l/s mass ratio (i.e. l/s = 0.4). In particular, RC showed a 

remarkable difference in the range of density values among samples prepared at l/s = 0.4 compared to those 

prepared at the higher ratios, whose densities were comparable. A similar behaviour was evident with NA, 

UND1 and UND2 specimens, with the highest density at 0.4, and lower but comparable values at the other two 

ratios.  

 



11 
 

 
Figure 5 - Average specimen density values after 28 days of curing (at 20 °C only) depending on the l/s ratio (error bars 
indicate one standard deviation) 

 

Consistent with the particle density (Table 2), AA-NA specimens exhibited the highest density, at all 

three l/s mass ratios. On the contrary, despite BT powders showing high p values, even higher than NA ones, 

when mixed with the alkaline solution and cured for 28 days they displayed a significantly lower density 

compared to NA specimens. This behaviour could be the result of a weak packing ability due to the irregular 

morphology of the particles [31]; [73], as confirmed by the high intergranular porosity determined in the dry 

compact (Table 2). Moreover, the fresh BT paste was difficult to mix and homogenise with l/s = 0.4. As a 

consequence, a greater number of voids remained in the mixtures, thus resulting in a lower density. 

The opposite was true for RA fines: in spite of the lower density of the raw particles compared to the 

other fractions, the alkali-activated RA pastes were characterized by densities in line with the other materials, 

suggesting a good packing behaviour of the particles, probably favoured by residual organics. This datum was 

again strengthened by the low intergranular porosity presented by RA dry compact (Table 2), when compared 

to the other fractions. 

Figure 6a shows the results of the flexural strength test. Average and standard deviation values for 

each fraction, depending on the l/s ratio, are depicted. RA, BT, NA, and UND1 specimens achieved the highest 

flexural strength at l/s = 0.4, testifying that, for these components, the excess of liquid phase drastically 

decreases the development of mechanical strength. For instance, the flexural strength of UND1 samples 

decreased from 4.2 MPa with l/s = 0.4, to 1.8 MPa with l/s = 0.5, and to 0.3 MPa with l/s = 0.6. 

Similarly, the strength of specimens containing BT fines decreased by more than 100% when passing 

from l/s = 0.4 to 0.5 and 0.6. In the case of RC and UND2, the highest strength was achieved at l/s = 0.5; in 

spite of this, non-negligible values were obtained at l/s = 0.4, too, while at l/s = 0.6 a drop in the flexural 

strength occurred. 

The compressive test results, depicted in Figure 6b, are consistent with flexural strength trends 

described beforehand, thus similar considerations can be made. It is worth noting again the important role of 
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the l/s mass ratio, since lower values are associated with higher strength. In particular, RC, RA, BT, and NA 

samples show the highest compressive strength at l/s = 0.4, while for UND1 and UND2 specimens, almost 

comparable values at l/s of 0.4 and 0.5 were recorded. Moreover, at all three l/s mass ratios, RC samples 

invariably displayed the highest values, and RA the lowest ones, in broad agreement with flexural test results. 

Considering the results in both Figure 5 and Figure 6, it is worth observing that the higher the density the 

higher the strength values. Apart from BT, the reduction in strength due to the increase in the l/s ratio can be 

partially ascribed to the decrease in density of hardened samples. On the grounds of these results, the l/s ratio 

was fixed at 0.4 and used in the second phase of this experimental study. 

 

 

(a) 

 

(b) 

Figure 6 - Average flexural (a) and compressive (b) strength values for 28-day cured (at 20°C only) specimens made up of 
CDW constituents and fines, depending on the l/s mass ratio (error bars indicate one standard deviation) 
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3.2 Effect of curing temperature (phase 2) 

The density values of the samples subjected to the different curing conditions are depicted in Figure 7. In line 

with the previous results, NA samples achieved the highest densities, independently of the curing temperature. 

On the other hand, BT specimens showed a significantly lower density compared to the other pastes, at all 

curing temperatures. This behaviour can be explained once again by the poor packing behaviour of BT particles 

that, when mixed with the alkaline solution, produced a less compact structure. Intermediate values were 

achieved by the other CDW precursor powder.  

Considering the effect of the curing temperature, samples subjected to 80 °C showed the lowest 

density, probably due to a higher mass loss of water during the first 48h of curing at that temperature. However, 

in general, it is not possible to ascribe a clear role in sample density to curing conditions, suggesting that the 

equilibria between water evaporation and absorption (due to the curing atmosphere) probably affected the 

sample mass values and the drying shrinkages in a complex way.  

In Figure 8, the 28-day flexural (Figure 8a) and compressive (Figure 8b) strengths are reported. The 

key role played by the curing temperature in determining both flexural and compressive strength values can 

be observed. In fact, all the investigated materials showed the highest strength at the highest curing temperature 

(80 °C). In particular, this result suggests that a heat-curing treatment is necessary to ensure the dissolution of 

the mineral phases present in the CDW fines (Figure 2), with these phases being mainly quartz, calcite and 

aluminosilicates, as already reported in the literature for CDW [40] and other crystalline materials [26]; [63]. 

In order to have a closer look at the alkali-activation mechanism, the phase composition of the materials 

hardened at 80 °C was compared to that of the starting powders.  

 

 
Figure 7 - Average density of 28-day cured specimens (l/s = 0.4) made up of CDW constituents and fines, depending on the 
curing temperature (error bars indicate one standard deviation) 
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(a) 

 

(b) 

Figure 8 - Average flexural (a) and compressive (b) strengths of 28-day cured specimens (l/s = 0.4) made up of CDW 
constituents and fines, depending on the curing temperature (error bars indicate one standard deviation) 

 

According to the XRD patterns in Figure 2, it was not possible to clearly recognize the formation of 

new phases, and the presence of almost identical mineral phases in raw powders and hardened materials can 

be recognized. However, a general, slight decrease in the crystalline peaks intensity, compared to the respective 

peaks of the individual raw materials, was observed in the hardened pastes, which was ascribable either to the 

addition of sodium silicate to the mixtures or to the partial dissolution of the crystalline phases in the alkaline 

medium [29]; [40]; [74]. Even though no phase quantification is provided here, it was observed that some 

silicate phases (i.e., muscovite, lizardite, clinochlore, and cordierite) showed the most pronounced decrease in 

peaks intensity, suggesting their preferential dissolution – among the mineral phases – under alkali-activation 
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phases, the XRD pattern corresponding to portlandite almost completely disappeared, strengthening the 

hypothesis of a certain reaction between calcium hydroxide and silica species, leading to the formation of a 

calcium-silicate-hydrated (C-S-H) gel. It should, however, be clarified that no new XRD signals corresponding 

to calcium silicate phases were detected in the hardened paste, probably due to their semi-crystalline or nearly 

amorphous structure [75]. The formation of C-S-H gel in geopolymer systems has been reported by many 

researchers [76]; [77]; [78] although some of them did not find any C-S-H gel in geopolymeric systems even 

with added Ca [79]; [80]. 

None of the investigated compositions showed a progressive trend in strength development following 

an increase in curing temperature. Thus, a threshold temperature for alkali-activation – and consequently for 

any increase in mechanical strength – can be supposed, as observed in previous studies [40]; [63]; [81]. Ahmari 

et al. [63], reported a notable increase in compressive strength values between 75 and 90 °C for copper mine 

tailings (i.e. crystalline materials composed mainly of quartz, albite and sanidine) activated with an alkaline 

solution of NaOH (15 M). Similarly, Komnitsas et al. [40], reported on the alkali-activation of different CDW 

fines (i.e. brick, tiles and concrete) which evidenced the influence of curing temperature and NaOH molar 

concentration. The optimum curing temperature was found to be 80 °C for tiles and 90 °C for brick and 

concrete with a remarkable increase in compressive strength moving from 60 to 80-90 °C, confirming the 

existence of a threshold temperature. 

Once again, flexural and compressive trends track each other closely, so similar conclusions from the 

two tests can be drawn.  

RC alkali-activated samples exhibited the lowest dependence on curing temperature. In fact, 

non-negligible strengths were already achieved in the 5-40 °C curing range, with a further albeit moderate 

increase at 80 °C. According to the RC chemical composition (Table 1), this fine contains lower amounts of 

alumina and silica, compared to other fractions, and therefore the effect of heat-curing on the activation of 

these phases is expected to be less significant. In contrast, the high calcium oxide content of RC can be linked 

to the presence of residual cement, calcium-rich aggregate [56] and portlandite phase (as detected by XRD 

analysis). Therefore, the strength development can be a result of the hydration of unreacted cement, and/or the 

action of calcium on alkali-activated products, implying the formation of calcium silicate hydrate (C-S-H) gel 

with significant effects on the mechanical properties [82]; [83]; [84].  

In the case of BT, NA and RA alkali-activated pastes, a clear decrease in strength when increasing the 

curing temperature between 5 °C and 40 °C can be observed, with a decrease in the mechanical properties for 

the mixtures cured at the latter temperature. This behaviour can be explained by considering the role of 

temperature in the two main possible reactions, i.e. the alkaline activation of fine aluminosilicate particles and 

the participation of calcium in C-S-H gel formation. As stated, curing at 80 °C favours the former process, 

leading to the significant increase in strength observed at this temperature [40]. Conversely, curing at a low 

temperature seems to favour the structural properties of the C-S-H gel [85]; [86]; [87]. In fact, it was postulated 

that a low hydration rate (such as at 5 °C) might favour the controlled precipitation of reaction products in 

interstitial space, raising the gel/space ratio, and thus the compressive strength, throughout the curing period 
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[87]. As a consequence, the curing performed at 40°C corresponds to the least favourable conditions for 

strength development, thus explaining the decrease in properties observed at this temperature.  

UND1 and UND2 samples exhibited a similar behaviour, which was intermediate with respect to those 

observed for the other fractions. In fact, samples cured in the 5-40 °C range showed comparable strength 

values, like RC paste, and a significant strength increase at 80 °C, similarly to BT, NA and RA samples. 

 

3.2.1 Comparison with literature 

No flexural strength results directly related to the alkali-activation of CDW fines are available in literature to 

facilitate a comprehensive comparison. However, it is worth noting that some CDW fines (i.e., RC, NA, and 

UND1) achieved strength values close to the lower range of “traditional” alkali-activated materials prepared 

from fly ash, blast furnace slag, and metakaolin, which are widely recognized as being highly reactive 

precursors for the formation of such binders. For instance, blast furnace slag powders activated with an alkaline 

solution containing Na2SiO3, NaOH, and Na2CO3, exhibited flexural strength values equal to 5.6, 8.8, and 

9.1 MPa after 3, 7, and 28 days of curing at room temperature [88]. Specimens made up of alkali-activated 

metakaolin (Si/Al ratio of 1.9 and l/s ratio of 0.6) showed f,max in the range 4.0-6.2 MPa, after 28 days of 

curing at room temperature [89]. Similarly, Granizo et al. [90] studied two types of metakaolin activated with 

an alkaline solution at different Na concentrations (from 6 to 20 M). They measured flexural strengths in the 

ranges 6.3-13.9 MPa and 5.7-10.2 MPa depending on the Na concentration after 2 hours of curing at 80 °C. 

The results of 3-point bending strength tests carried out by Yamaguchi and Ikeda [91] on alkali activated 

sewage sludge slag and coal FA ranged between 4.0 and 5.5 MPa, after a curing of 24 hours at 80 °C and of 

24 hours at room temperature. 

The compressive strength of alkali-activated CDW constituents, mainly RC and BT, has already been 

investigated in the past. Therefore, an overview of previous results is presented in Table 4, followed by a 

discussion of the mechanical value results achieved in this work for comparison purposes. 

The RC c,max specimen values (Figure 6b), are slightly lower than those obtained by Vásquez et al. 

[37] under the same curing conditions (20 °C, 28 days), or under similar heat-curing: in [37], the curing was 

performed for 24 hours at 70 °C, providing values in the 19.8-26.5 MPa range.  

RC specimens achieved higher compressive strengths than those achieved in [38]; [39] under similar 

curing conditions (80 °C for 24 h), or in [40], in which the curing treatment at 80 °C was extended to 7 days. 

The combination of (i) the generation of alkali-activated aluminosilicate products and (ii) the formation of C-

S-H species ensures that RC samples are blessed with excellent mechanical properties [94]. RC fines were in 

fact characterized by the highest mass percentage of calcium [95] (Table 1) available for dissolution and 

corrosion phenomena by the alkaline solution medium. The solubilized calcium together with unreacted 

silicates in the RC fraction tended to react with water and the silicon species in the alkaline solution, leading 

to the formation of C-S-H species [74]; [79]; [96]. 
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Table 4 - Compressive strength results of alkali-activated CDW constituents from literature 

Author Material Activator 
l/s 

ratio 

Curing conditions Tested 
after 

(days) 

c,max 
(MPa) Temp. Time 

Vásquez et al., 2016 [37] RC 
NaOH + Na2SiO3 

(SiO2/Na2O=2.70, and SiO2 
content of 32.1 wt%) 

0.22 25 °C 28 d 28 11.2÷25.6 

0.22 70 °C 24 h 28 19.8÷26.5 

Allahverdi and Kani, 
2009 [42] 

50% BT + 50% RC NaOH + Na2SiO3 
(SiO2/Na2O=0.86, and SiO2 

content of 34.3 wt%) 

0.26 25 °C 28 d 28 12.5÷18.5 

BT 0.30 25 °C 28 d 28 22.5÷40.0 

Allahverdi and Kani, 
2013 [34] 

50% BT + 50% RC NaOH + Na2SiO3 
(SiO2/Na2O=0.86, and SiO2 

content of 34.3 wt%) 

0.31 25 °C 28 d 28 15.2÷48.0 

BT 0.33 25 °C 28 d 28 3.2÷16.1 

Komnitsas, 2016 [38] 
RC KOH (2÷12 M) + Na2SiO3 

(SiO2/Na2O=3.38, and SiO2 
content of 27.0 wt%) 

0.30 80 °C 24 h 7 3.2÷10.0 

BT 0.30 80 °C 24 h 7 8.1÷25.0 

Komnitsas et al., 2015 
[40] 

RC NaOH (8÷14 M) + Na2SiO3 
(SiO2/Na2O=3.38, and SiO2 

content of 27.0 wt%) 

0.48 80 °C 7 d 7 4.2÷5.0 

BT 0.38 80 °C 7 d 7 18.0÷35.0 

Robayo-Salazar et al., 
2017 [36] 

RC NaOH + Na2SiO3 
(SiO2/Na2O=2.70, and SiO2 

content of 32.1 wt%) 

0.23 25 °C 28 d 28 10.0÷25.6 

BT 0.23 25 °C 28 d 28 4.0÷54.5 

Zaharaki et al., 2016 [39] 
RC NaOH (10 M) + Na2SiO3 

(SiO2/Na2O=3.38, and SiO2 
content of 27.0 wt%) 

0.30 80 °C 24 h 7 7.8 

BT 0.30 80 °C 24 h 7 39.4 

Pathak and Jha, 2013 
[41] 

BT NaOH (6 M) + Na2SiO3 0.45 60 °C 24 h 28 11.0 

Robayo-Salazar et al., 
2016 [45] 

BT 
NaOH + Na2SiO3 

(SiO2/Na2O=2.70, and SiO2 
content of 32.1 wt%) 

0.25 25 °C 28 d 28 2.5÷54.5 

0.25 70 °C 28 d 28 6.2÷66.6 

Sun et al., 2013 [43] BT 
NaOH + Na2SiO3 

(SiO2/Na2O=3.2, and SiO2 
content of 26.5 wt%) 

0.40 60 °C 28 d 28 52.2÷63.4 

Lampris et al., 2009 [92] 
Silt from CDW 

washing 

NaOH (4÷14 M) + Na2SiO3 
(SiO2/Na2O=3.38, and SiO2 

content of 27.0 wt%) 

0.26 25 °C 7 d 7 14.0÷18.7 

0.26 60 °C 3 d 7 13.8÷25.9 

Jha and Tuladhar, 2013 
[93] 

Mixed CDW fines NaOH (5 M) + Na2SiO3 0.40 40 °C 15 d 15 7.3 

 

Moreover, the development of C-S-H species was spurred by the sodium silicate in the alkaline 

solution [97], which acted as a setting accelerator of residual unhydrated cement clinker phases (mainly C2S 

which is less reactive than C3S [98] contained in the RC waste [99]. Indeed, the presence of these unhydrated 

phases is justified by the fact that the core of bigger clinker particles is not hydrated, and grinding processes 

create new surfaces and expose them to hydration. However, as stated before, these new hydrated phases were 

not identified by XRD in the reacted paste. The free water in the solution also favoured the rehydration of 

unreacted cement particles giving rise to self-cementing phenomena which partially contribute to strength 

development over time [6]; [100]; [98]. The compressive strengths for the BT samples, cured at 20 °C, were 

comparable to those reported by Allahverdi and Kani [34] on samples cured for 28 days at room temperature, 

at a l/s mass ratio of 0.33. However, when this ratio was decreased to 0.30, a further increase was achieved, 

providing values in the range 22.5-40 MPa [42], and underlining the important role played by the solid content 

in mechanical strength development. Under the same curing conditions, Robayo-Salazar et al. [45] obtained 

values up to 54.5 MPa at a l/s mass ratio of 0.23.  

BT samples, cured at both 20 °C and 80 °C, achieved higher compressive strength values than those 

obtained by Pathak and Jha [41] by curing at 60 °C for 24 h. In terms of heat-curing, the highest value that BT 

specimens achieved here (c,max = 31 MPa at 80 °C) was close to the values between 25 and 39 MPa obtained 

at 80 °C for 24 h in [36]; [38]; [39], and at 80 °C after 7 days in [40]. Despite the ceramic fraction being 
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considered the most alkali reactive CDW constituent due to the high amounts of aluminosilicates [26]; [29]; 

[30], the results achieved in this work, as well as those in previous literature, clearly state that an effective 

activation is promoted only at high temperatures (between 60 and 80 °C) [35]; [40]; [43]. Furthermore, if such 

a heat-curing treatment is prolonged for several days, even higher strength values can be achieved. In fact, by 

performing a curing treatment at 60 °C [43] or 70 °C [45] for 28 days, compressive strength values in the range 

63-67 MPa may be obtained.  

UND1 fines at l/s = 0.4 cured at 80°C exhibited compressive strengths slightly lower than those 

obtained from the alkali-activation of silt generated during CDW washing [90] and cured at 60 °C for 3 days. 

The gap between literature results and UND1 can be partially attributed to the lower l/s mass ratio (0.26) used 

in [92]. Better results are presented in [93] for mixed CDW fines, where samples were cured at 40 °C for 

15 days. 

The results of mechanical tests indicate that fines obtained from the sieving of CDW aggregate 

(UND1) showed a complete activation at 80 °C. The high content of aluminosilicates and calcite in this fraction 

(Table 1) suggests the formation of a silica-alumina geopolymer gel, as well as of calcium aluminosilicate 

hydrated (C-A-S-H) gels that led to a solid network in the structure [101]; [102]. The combined presence of 

C-S-H hydrates as a result of the reaction between dissolved calcite (from the raw particles), H2O and Si from 

the alkaline solution, contributed to mechanical strength development [36]. The FESEM/EDX analysis carried 

out in [32] on alkali-activated pastes derived from undivided CDW fines showed the presence of a Si-Na based 

binding phase covering the analysed grains. Besides Si and Na, Al and Ca were detected as well, suggesting 

their dissolution from the mineral species and diffusion into the matrix, thus contributing to the composition 

of the binding phase. 

While the best (and expected) results were achieved under curing at 80 °C, the strength values achieved 

under lower curing temperatures were also significant in terms of the stabilization needed in road applications. 

In fact, flexural strength ranged between 1.5 and 3 MPa, with compressive strength between circa 5 and 7 

MPa. Worthy of note is the fact that with respect to other components both the UND1 and UND2 materials 

showed a lower sensitivity to temperature changes between 5 °C and 40 °C. In fact, in that temperature range 

a moderate variation in strength was recorded, in contrast to the RA, BT and NA samples, which showed an 

almost complete loss of properties at 40 °C. As explained, UND1 and UND2 materials take advantage of the 

specific constituents’ behaviour under alkali-activation conditions, which accounts for their higher reliability. 

When cured at 20 °C, the UND1 paste has already confirmed excellent properties in stabilizing the complete 

internal structure of CDW aggregate, as previously assessed by the authors in [31]. 

FESEM micrographs of UND1 alkali-activated samples are reported in Figure 9. A quite dense and 

well compacted microstructure is visible (Figure 9a) with some undissolved particles still recognizable (Figure 

9b). Indeed, after the reaction, the XRD pattern remains mainly crystalline (Figure 2), consistent with FESEM 

observations. Mechanical properties can be ascribed to the presence of this dense matrix which in turn is a 

result of hydration and/or precipitation products deriving from the partial dissolution of crystalline phases and 
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their consequent reaction with the alkaline solution. In addition, good adhesion between unreacted particles 

and the binding matrix is evident as well.  

 

  

(a) (b) 

Figure 9 - FESEM micrographs of 28-day cured UND1 specimens: (a) fracture surfaces and (b) details of undissolved particles 
(red arrows indicate undissolved particles) 
 

3.2.2 Comparison between undivided samples (UND1 and UND2) 

The flexural and compressive strength relationship between UND1 and UND2 constituents is given in Figure 

10. For a more comprehensive overview of the mechanical behaviour of these two materials, the flexural and 

compressive strength values at both short (7 days) and long (28 days) curing times are plotted in these graphs. 

Strengths developed at 7 days were lower than those at 28 days, except for the samples cured at 40 °C, whose 

early strength development resulted in values after 7 and 28 days which were very similar to each other. As a 

further observation on samples tested at 7 days, specimens cured at 5 °C showed a slightly higher strength than 

those cured at 20 °C. As previously explained, a low-temperature curing probably induced precipitation and 

gel reinforcement phenomena, which can explain this behaviour.  

More in general, all data are well fitted by the equality line, indicating a good correlation between 

mechanical properties of the two fractions. This suggests that the UND1 fine was probably formed from a 

homogeneous blend of RA, BT, RC and NA constituents, despite the differences in proportions at the coarser 

size [49]. However, a closer look at the results shows a slightly better mechanical behaviour for UND2 samples 

compared to UND1, which can be explained by the slightly higher Si and Ca content in UND2 fines with 

respect to UND1 (Table 1). Based on this observation, new strategies to further optimize the mix design are 

envisaged. Starting from a sieved powder from undivided CDW aggregate, the composition could be further 

optimized by the addition of the other CDW constituents, as well as other more reactive components [103], to 

achieve higher strength and stabilizing properties. 
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(a) (b) 

Figure 10 - Strength relationships between UND1 and UND2 fines: flexural (a) and (b) compressive relations (error bars 
indicate one standard deviation) 

 

3.3 Leaching behaviour 

The results of leaching tests on both raw powders and pastes obtained from the alkali-activation of CDW fines 

are summarized in Table 5, which includes the thresholds of the Council Decision 2003/33/EC [72] for 

classifying the materials as inert and non-hazardous. 

In the case of raw powders, it is evident that CDW fines, before alkali-activation, did not release 

excessive quantities of harmful substances. The concentration of anions (Cl-, F-, SO4
2-) and cations (Cr, Ni, Cu, 

Zn, As, Se, Cd, Ba, Hg, Pb) are significantly lower than the European threshold [72] for non-hazardous 

materials. In particular, the concentration of released Cd and Hg was lower than the detection limit of the 

testing equipment (0.10 g/l for Cd, and 0.5 g/l for Hg), and thus can be considered negligible. 

Comparing the raw powder data with the EU limits for inert waste, it can be observed that all the fines 

released a significant amount of chlorides, while still remaining below the acceptance threshold [72]. The same 

consideration applies to the fluorides, the release of which from RC and BT fines was quite significant but 

again within EU limits. In contrast, the volume of sulphates released by RC, UND1 and BT breached the 

acceptance limit (1000 mg/kg) hence these fines should be regarded as inert waste. In particular, the 

concentration of sulphates from RC fines was five times greater than the aforementioned limit. These results 

are in partial agreement with XRF data (Table 1), showing a higher amount of SO3 in UND1, RC, RA raw 

powders, and a lower quantity in the BT one.  

As regards heavy metals, the concentration of chromium released from RC fines (1.08 mg/kg) was 

two times the limit established in [72] for inert waste (0.5 mg/kg). While BT fines also released a significant 

amount of chromium (0.42 mg/kg), it was still within the acceptance threshold. Finally, BT showed the largest 

concentration of barium, with a value of 24.9 mg/kg, slightly exceeding the EU limit (20 mg/kg). 
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Table 5 - Results of leaching tests (in mg/kg) on both raw and alkali-activated (AA) CDW fines (l/s = 0.4) 

Element EU limitsa EU limitsb 
 RC RA BT NA UND1 
 Raw AAc Raw AAc Raw AAc Raw AAc Raw AAc 

Cl- 800 15000  542 626 430 508 479 533 439 429 496 590 
F- 10 150  6.0 28.1 0.9 4.6 6.8 8.0 2.0 0.0 1.4 7.9 
SO4

2- 1000 20000  5325 4718 280 5257 1196 918 788 691 3869 4860 
Crd 0.5 10  1.08 1.45 0.01 0.18 0.42 0.23 0.01 0.13 0.04 0.11 
Ni 0.4 10  0.00 0.00 0.04 0.67 0.00 0.00 0.04 0.17 0.02 0.50 
Cu 2 50  0.08 0.61 0.02 0.41 0.04 0.24 0.02 0.56 0.09 2.00 
Zn 4 50  0.01 0.36 0.03 0.82 0.05 0.62 0.03 1.05 0.03 0.50 
As 0.5 2  0.01 1.09 0.02 0.58 0.03 1.93 0.01 0.60 0.04 1.56 
Se 0.1 0.5  0.01 0.07 0.00 0.03 0.01 0.03 0.00 0.00 0.01 0.03 
Cd 0.04 1  n.d.e n.d.e n.d.e n.d.e n.d.e n.d.e n.d.e n.d.e n.d.e n.d.e 
Ba 20 100  0.98 0.12 7.40 0.32 24.92 0.79 0.89 0.41 0.72 0.70 
Hg 0.01 0.2  n.d.e n.d.e n.d.e n.d.e n.d.e n.d.e n.d.e n.d.e n.d.e n.d.e 
Pb 0.5 10  0.00 0.02 0.00 0.17 0.00 0.59 0.00 0.10 0.00 0.14 
pH - -  11.0 11.8 8.7 12.2 10.1 11.5 8.3 12.1 8.6 12.0 
Notes:  
(a) threshold of 2003/33/EC [72] for inert waste and L/S=10,  
(b) threshold of 2003/33/EC [72] for non-hazardous waste and L/S=10,  
(c) AA = alkali-activation, performed at l/s=0.4 and cured for 28 days,  
(d) total chromium,  
(e) n.d. = not detected, since lower than the instrumental detection limit. 

 

The eluates from these fines showed quite a wide range of pH values, from 8.3 to 11.0. RC fines 

showed the highest pH value (11.0), which can be imputed to the higher amount of CaO in the raw powders, 

and to the corresponding high level of calcium hydroxide produced in the leachate. This pH value is in the 

range between 12.5 for fresh concrete and 9.0-10.0 for fully carbonated concrete [104]. In contrast, RA, NA 

and UND1 showed the lowest pH values. In the case of UND1, this low pH value can be reasonably imputed 

to the presence of a high proportion of NA particles, as well as to residual clay, soil and silt particles, which 

are normally characterized by a moderate pH value (in the range 7-8) [105]; [106]. 

As for the alkali-activated samples, the concentration of both anions and cations are significantly 

below the European threshold [72] for non-hazardous materials. However, when the same values are compared 

to the limits for inert waste, none of the compositions meets these requirements.  

In fact, the sulphates released from RC, RA and UND1 exceed the EU limit: however, while in the 

case of RC and UND1 the release from raw powders and hardened materials was comparable, in the case of 

RA, the amount released from the paste was much larger than from the fines. The chloride concentration was 

high in all the samples, albeit still within the limits, and showed values in line with those for raw powders. In 

a number of cases, the heavy metals released from alkali-activated pastes exceeded the EU limits. This was 

the case with Cr released from RC (1.45 mg/kg), Ni released from RA (0.67 mg/kg), and with Pb released 

from BT (0.59 mg/kg). Moreover, the As concentration was higher than the EU acceptance limit in all the 

mixtures investigated. Finally, in spite of the high concentration of barium (Ba) detected in the eluate from the 

BT fines, a negligible amount was released from the alkali-activated paste.  

The pH values determined in the eluates of the alkali-activated materials were in the range 11.5-12.2. 

As expected, these values were higher than the corresponding pH for the starting powders, but comparable 

with those for cementitious materials [107].  
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The results of leaching carried out on raw CDW fines showed that some fractions (specifically, RC, 

RA, BT and UND1 fines) cannot be considered inert waste, due to some values exceeding the EU limits.  

RC fines released the greatest quantities of sulphates and chromium, with these two ions being the 

most critical substances for acceptance criteria [108]; [109]; [110]. The considerable volume of leached 

sulphates is mainly attributed to the presence of residual particles of gypsum deriving from gypsum drywall 

[111]. The chromium concentration is slightly higher than the average values observed by other authors [108]; 

[109]; [112], while the other elements were released from RC in similar concentrations to previous works [48]; 

[108]; [109]; [113].  

The leaching behaviour of fines made from RA is consistent with previous results [108]; [112], with 

the concentration of fluorides and sulphates equal to 0.9, and 280 mg/kg respectively.  

BT fines are characterized by a significant volume of barium, which is attributed to the addition of 

barium carbonate (BaCO3) (an anti-efflorescence agent) during the manufacturing of ceramic materials [114]; 

[115]. In addition, the amount of chromium released by BT is lower when compared with literature [48], while 

the concentration of Cl-, F- and SO4
2- are greater than the values obtained by Saca et al. [116].  

As expected, the level(s) of pollutants released by fines from natural aggregate, like NA, were well 

below the European limits for inert waste. Only in the case of chlorides and sulphates was a certain 

concentration detected (albeit still within EU limits), due to the fact that NA fines had been in contact with 

materials of different origin, i.e., cement concrete, ceramics, and asphalt. 

Regarding UND1 fines, the only leached substance which failed to satisfy the European requirements 

for classifying materials as inert was SO4
2-. The excessive volume of sulphates present in CDW aggregate is 

common in literature due to the presence of gypsum, mortar, and plaster particles in this undivided material 

[48]; [116]. For instance, 9 out of 10 samples of undivided CDW aggregate analysed by Del Rey et al. [108] 

exceeded the allowable leached concentration of sulphates (1000 mg/kg) indicated in [72]. Although a more 

efficient preselection of the material at the treatment plant via the separation of plasters and wallboard is 

desirable [48]; [113]; [117], there is also the possibility of the biological [118] or chemical [119] removal of 

sulphates from the leachate of recycled CDW materials. 

Concerning the leaching of anions, UND1 released a greater quantity of chlorides and a lower amount 

of fluorides when compared to literature. Vice versa, the concentration of leached anions is in line with 

literature data [48]; [108]; [109]; [116].  

From leaching test results (Table 5), a generalized increment in the concentration of anions and cations 

released from alkali-activated CDW fines (pastes) is evident when compared to raw powders. 

With the exception of the NA sample, there was an average rise of 15% in the concentration of 

chlorides in all alkali-activated products. There was also a significant increase in fluorides in alkali-activated 

RC, RA, and UND1 fines. Specifically, the value of F- in RC increased from 6.0 to 28.1 mg/kg, exceeding the 

EU limit for inert waste. A different behaviour was observed in the case of sulphates. The alkali-activation of 

RC, BT, and NA powders resulted in a reduction in the release of sulphates. The increment of sulphate in the 
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leachate from AA-UND1 can be attributed to the combination of the slight decrease in AA-RC, -BT and -NA 

and the significant increase of sulphate released from AA-RA. 

Concerning heavy metals, Cr, Ni, Cu, Zn, As, Se, and Pb increased the leached concentrations after 

alkali-activation. This result can be explained vis-à-vis the following considerations. Firstly, it is worth 

mentioning that the alkali-activated products – unlike raw powders – underwent a double exposure to the 

aqueous medium: (i) during the mixing stage and (ii) during the leaching test. During the mixing stage, some 

substances may be partially released in the liquid phase, and re-precipitated on the particles surface during 

water evaporation, thus becoming more leachable when further exposed to water. Moreover, the addition of a 

strong alkaline solution caused a certain level of corrosion in the starting powders [74]; [120], resulting in the 

structural and compositional destabilization of the material. Therefore, those elements not participating in the 

alkali-activation process, were more prone to be leached out. More in general, it seems that pH plays a role in 

the leaching capability of certain substances [121]; [122], regulating their dissolution and adsorption 

mechanisms. Maia et al. [123] stated that significant amounts of arsenic were released in the eluates at higher 

pH values. Komonweeraket et al. [124] performed several pH-dependent leaching tests on FA soil mixtures 

for highway constructions, recognizing that the leaching concentrations of Cr, Zn and Cu were minimal at 

neutral pH, while the highest concentrations were achieved at both acidic and basic pH conditions. 

Among heavy metals, it is worth mentioning the marked reduction in Ba in all the alkali-activated 

pastes when compared to raw powders. According to Van Jaarsveld et al. [125] and Zhang et al. [126], alkali 

earth metals (like Ba) tend to be easily dissolved by the alkaline solution and entrapped in the aluminosilicate 

network of activated products, thus decreasing their leachability. The reduction in Ba can be also ascribed to 

the higher pH values of reacted products in comparison to raw powders, since some authors reported that the 

leaching levels for Ba tended to decrease in line with higher pH values [121]; [122].  

From the test results in Table 5, it can definitely be concluded that the alkali-activation of CDW fines 

produced an increase in the quantity of leached substances. Nevertheless, the environmental compatibility of 

alkali-activated materials may be regarded as satisfactory, since the concentrations of pollutants were below 

the threshold of the European Council Decision 2003/33/EC [72] for non-hazardous waste, and generally 

below the threshold for inert ones. It is worth mentioning that in the stabilized material, the paste (i.e., the fine 

fraction passing at the 0.125 mm sieve opening, and the added alkali solution) represents a fraction which is 

approximately equal to 20% of the whole mass [31]. Therefore, a significantly lower quantity of anions and 

cations released by the whole mixture (i.e., the coarse CDW aggregate and the stabilizing paste) in the leachate 

should be expected, although this needs to be confirmed in future investigations.  

The leaching testing method of EN 12457-2 [69] reflects the end-of-life scenario because the material 

is tested after it has been reduced to a powdery, saturated state. Despite being inadequately representative of 

in-service conditions, the environmental performance of materials in road applications are still evaluated by 

referring to the thresholds of the Council Decision 2003/33/EC [72] according to the procedure defined in the 

EN 12457-2 [2]; [108]; [112]; [127]; [128]. In real conditions, the material is compacted into a dense structure, 

with a wider particle size distribution and is in an unsaturated state. Thus, real leaching behaviour in the field 
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should differ with the behaviour observed under laboratory conditions [122], with a significantly lower 

concentration expected in the latter case. In fact, smaller grains have a greater leaching capability than coarser 

ones as repeatedly demonstrated in literature [129]; [130]. In view of this, Van der Sloot [131] suggested 

testing the leaching behaviour of base and subbase road materials in the typical compacted state and in 

unsaturated conditions with limited infiltration rates. 

 

4. CONCLUSIONS 

This experimental investigation aimed at assessing the alkali-activation of the finest particles of CDW 

aggregates from a mechanical and environmental point of view in order to form stabilized granular base and 

subbase pavement layers. In contrast to previous studies, the alkali activation potential of all the constituents 

of CDW fine (< 0.125 mm) aggregate (RC, RA, BT, and NA) was explored. In addition, the finest part (UND1) 

of undivided CDW aggregate obtained through sieving, together with the fine (UND2) obtained from a mixture 

consisting of equal parts of the milled powders of the four constituents, were evaluated as precursors in the 

alkali activation process. Once the optimal liquid-to-solid ratio (l/s = 0.4) for the formulations was selected, 

the effectiveness of alkali-activation was determined in terms of the mechanical strength values of hardened 

samples after 28 days of curing at temperatures ranging between 5 and 80 °C. Furthermore, the potential risk 

of releasing inorganic contaminants into the environment was assessed. 

Based on a discussion of the results reported in the manuscript, the following conclusions can be 

drawn: 

 all fractions showed a remarkable (and expected) strength increase when cured at 80 °C for 48 h, 

confirming that temperature plays a pivotal role in the alkali-activation of the aluminosilicate species 

present in the investigated CDW fines;  

 among all fractions, RC samples showed the lowest sensitivity to high-temperature curing, with 

significant mechanical values also being achieved in the 5-40 °C range. This behaviour was imputed 

to further hardening mechanisms, based on the hydration of residual cement and participation of 

calcium compounds in the formation of C-S-H species;  

 the undivided fractions, UND1 and UND2, the composition of which were a blend of all CDW fine 

constituents, displayed intermediate properties compared to the other components (RC, RA, BT, NA), 

with an effective exploitation of the hardening mechanisms of each constituent;  

 RA, NA and BT showed an almost complete loss of mechanical properties when cured at 40 °C; 

however, UND1 and UND2 showed satisfactory values and – notably – a low variation in strength in 

the 5-40 °C temperature range, suggesting a higher reliability of these fractions when exposed to field 

(i.e., construction site) conditions in road applications; 

 finally, the alkali-activation caused a general increment in the level of leached pollutants; however, 

samples may meet the requirements of the European Council Decision 2003/33/EC (European 

Parliament, 2003) allowing them to be considered as non-hazardous, thus paving the way towards an 
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effective exploitation of these wastes as a recycled road material for granular base and subbase 

pavement applications.  
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