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ABSTRACT 
In recent works, the authors have demonstrated that construction and demolition waste (CDW) 
aggregates for subbase road pavement applications can be stabilized vis-à-vis the alkali-activation of 
their fine fraction (d < 0.125 mm). Despite the promising results with this method, the durability of 
alkali-activated CDW fines (which act to stabilize the CDW aggregate mixtures) need to be 
investigated. With this objective, the effects on pavement materials due to the typical degrading actions 
of water, de-icing salts, and the freeze-thaw process were investigated. Samples of alkali-activated 
(AA) fines were subjected to water, de-icing salt and freeze-thaw treatments and assessed as per the 
variation in 28-day flexural and compressive strength values with respect to non-degraded materials. 
In addition to the fines normally present in CDW aggregate mixtures (i.e., the undivided fraction), 
samples with fines of the main CDW constituents (concrete, asphalt, bricks and tiles, aggregates and 
soil) were also prepared for comparison purposes. One set of specimens was cured at 20 °C to 
replicate field conditions, and another was treated at 80 °C to replicate optimal conditions for AA 
materials. Although 80 °C heat-treated specimens achieved higher strength values, those values fell 
sharply following the degrading action of water and de-icing salts. In contrast, the specimens cured at 
20 °C retained their mechanical property values even after exposure to water and de-icing salt 
degradations. 
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construction and demolition waste recycled aggregates, alkali-activation, durability, freeze-thaw 
degradation, water immersion, de-icing salt attack 
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INTRODUCTION 

Construction and demolition waste (CDW) accounts for one-third of the total volume of waste 

produced in Europe (Bilsen et al. 2018). It mainly derives from the renovation and demolition 

(frequently micro-demolition) of buildings and roads and contains a mix of crushed concrete particles 

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

(BT), natural aggregates and excavated soils (NA), and occasional negligible amounts of impurities 

(i.e., glass, wood, metals, and plastic). In accordance with the European objectives of Circular 

Economy (European Environment Agency 2020), many countries have recently increased their rate 

of CDW recycling, using the mineral part of this waste source as recycled aggregate in partial or total 

substitution of natural resources (Di Maria et al. 2018). Due to the large volume involved, the highest 

proportion of CDW aggregate is currently employed in road pavements as granular material in the 

formation of unbound layers (Cardoso et al. 2016). Several studies have shown that the mechanical 

and durability properties of subbase pavement layers made up of CDW aggregates can be enhanced 

with the addition of minor quantities of binders as stabilizers. Although Ordinary Portland Cement 

(OPC) and blended hydraulic cements are the most widely used for stabilization purposes (Agrela 

et al. 2012; Mohammadinia et al. 2014), alternatives such as cement kiln dust (Bassani et al. 2016), 

fly ash (FA) (Arulrajah et al. 2017; Camargo et al. 2013), and alkali-activated (AA) by-products 

(Arulrajah et al. 2016; Cristelo et al. 2018; Mohammadinia et al. 2016) are attracting increasing 

interest for environmental reasons (McLellan et al. 2011; van Deventer et al. 2010). Despite the fact 

that the alkali-activation process has traditionally involved the use of reactive precursors which are 

amorphous or poorly crystallized aluminosilicates, e.g. blast furnace slag (BFS), FA, and calcined 

clays (Duxson et al. 2007), some studies investigated the feasibility of producing AA binders starting 

from mineral wastes with a highly crystalline structure (Palmero et al. 2017; Coppola et al. 2020b) 

and also including fine particles of CDW fines (Bassani et al. 2019a; Panizza et al. 2018; Allahverdi 

and Kani 2013; Zaharaki et al. 2016). Previous studies on AA-CDW fines explored the potential for 

the alkali-activation of cementitious (RC) and ceramic (BT) particles only of CDW (Robayo-Salazar 

et al. 2017; Vásquez et al. 2016; Reig et al. 2013). 
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Problem statement 

Fig. 1 shows a road pavement with the subbase layer made up of stabilized CDW aggregates. 

According to a previous study (Bassani et al. 2019b), the full mixture of coarse and fine CDW 

aggregate particles can be stabilized through the alkaline activation of the aluminosilicates present 

in the finer fraction (d < 0.125 mm) without the addition of external reactive precursors. According to 

Komnitsas et al. (2015) and Ruiz-Santaquiteria et al. (2013), the AA of coarser particles is less 

effective. The addition of the chemical activator (alkaline solution) to the full mixture (coarse and fine 

CDW grains together) triggers the AA process within the fines, thus forming a new stabilizing phase 

that helps coarser particles to bond together thereby stabilizing the whole mixture. 

Adopting this approach, Bassani et al. (2019a) and Tefa et al. (2021) investigated the alkali-activation 

potential of the finest fraction (d < 0.125 mm) only of CDW aggregates (named UND1). They found 

satisfactory strength values when comparing the chemical and mechanical properties of the AA-

UND1 material with those obtained from the AA of fines (d < 0.125 mm) of CDW aggregate 

constituent materials (RC, RA, BT, and NA). In the framework of using CDW aggregates for road 

applications, typical thermal curing conditions in field roadworks (5, 20, and 40 °C) were replicated. 

Taking into account that the dissolution and consequent reactivity of raw powders in the alkaline 

medium is improved with thermal curing at temperatures higher than 70°C (Komnitsas et al. 2015; 

Sun et al. 2013), the effects of 80 °C treatment during curing were also explored (Tefa et al. 2021).  

In addition to traffic loads, the mechanical properties of stabilized subbase layers of road 

pavements are weakened by environmental degradation. In fact, durability (i.e., the ability of a 

material to retain its original properties over time notwithstanding the environmental and load 

conditions it is subject to while in service) is one of the main concerns as regards pavement 

materials, particularly for those including recycled products (Karlsson and Isacsson 2006; Mirza 

2006; Silva 2012; Huda and Shahria Alam 2015; Avirneni et al. 2016; Guo et al. 2018). If rainwater 

infiltrates the pavement surface and/or rises from groundwater (Lee et al. 2004; Sangsefidi et al. 

2019), it can wash away the stabilizer agent or interact with it thereby modifying its properties 

(Avirneni et al. 2016). Furthermore, water infiltration brings with it substances accumulated on the 

pavement surface such as de-icing salts (Cunningham et al. 2008). For instance, when calcium 
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chloride (CaCl2) is employed as a de-icing agent in winter road maintenance, it tends to react with 

the Ca(OH)2 in hydrated cement forming unstable and expansive calcium oxychloride (Farnam et al. 

2015).  

In addition, the combination of water and cyclical freezing and thawing actions is another 

significant degrading factor which compromises the durability of road materials as a result of the 

increased volume of water in the permeable voids (Bassani and Tefa 2018; Bozyurt et al. 2013; 

Khoury and Zaman 2007). 

Although AA binders are emerging as a promising alternative to OPC and blended hydraulic 

cements (Li et al. 2010; Bernal and Provis 2014), there are a few discordant opinions concerning 

their durability due to the lack of experimental investigations (Komnitsas and Zaharaki 2007; Juenger 

et al. 2011; Pacheco-Torgal et al. 2012). Moreover, there are no systematic investigations into the 

durability of AA products derived from CDW fine precursors.  

 

Study objectives 

This experimental study is aimed at investigating the effects of environmental degradation on the 

alkali-activated finer particles (d < 0.125 mm) of undivided CDW aggregates (here coded as UND1). 

From the perspective of stabilizing full CDW aggregate mixtures for the subbase layer of semi-rigid 

pavements, this stabilizing phase (i.e., the AA-UND1) was subjected to degrading phenomena such 

as (i) immersion in water, (ii) exposure to CaCl2, and (iii) freeze/thaw (F/T) cycles (Fig. 2).  

This experimental investigation focused exclusively on the stabilizing phase of AA-CDW 

aggregate mixtures (Fig. 2-a). In order to have greater control over the experimental outcomes, the 

effects of degrading actions were assessed on AA-CDW fines only, rather than on the full mixture 

(which also includes coarse grains). With this decision on the experimental design, any secondary 

effects of other mixture-related factors were excluded a priori.  

In this study, the durability of the undivided fine fraction of CDW aggregate (UND1) mixtures was 

compared to that of CDW constituent fines (RC, RA, BT, NA). The aim is to understand the response 

of each alkali-activated constituent and determine its specific contribution to the durability of AA-

UND1 material. A further sample produced by mixing milled particles finer than 0.125 mm of RC, 
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RA, BT, and NA in equal quantities (named UND2) was also included in the comparative analysis 

due to the unknown nature of UND1. 

Durability tests were carried out on specimens made from particles smaller than 0.125 mm, 

activated with an alkaline solution of sodium silicate and sodium hydroxide, and cured for 28 days at 

20 °C (this temperature is representative of average roadwork applications). To explore the effects 

of degradation on AA materials in their optimal curing condition, durability tests were also conducted 

on a set of specimens treated at 80 °C for 48 hours. The effects of degradation were evaluated in 

terms of the variation in flexural and compressive strength values with respect to non-degraded 

(reference) samples (Fig. 2-b). From a practical point of view, the outcomes of this experimental 

investigation reveal the ability of the stabilizing phase of AA-CDW aggregate mixtures to retain its 

mechanical properties after the occurrence of degrading phenomena. 

 

MATERIALS AND METHODS 

 

Materials 

CDW aggregates in the 0-25 mm size fraction were collected at a stationary recycling plant located 

in the metropolitan area of Turin, which processes waste from the demolition and renovation of 

buildings and civil infrastructures through crushing, cleaning, and sieving operations.  

The two size fractions of UND1 were first extracted by sieving the 0-25 mm CDW aggregate 

sample at 0.125 and 0.063 mm and then combined in proportions of equal mass to form the starting 

precursor powder. The maximum size of particles (i.e., 0.125 mm) was determined in accordance 

with literature (Komnitsas et al. 2015; Ruiz-Santaquiteria et al. 2013; Bassani et al. 2019a). It is worth 

noting that fine precursors with a high specific surface are more reactive in the AA processes (Assi 

et al. 2018; Temuujin et al. 2009). 

To obtain samples of RC, RA, BT, NA powders, particles larger than 10 mm were visually 

separated and then pulverized in a rotatory drum (Tefa et al. 2021). Powders of separated CDW 

constituents were sieved to obtain the two size fractions (d < 0.063 mm, and 0.063 ≤ d < 0.125 mm), 

which were afterwards mixed in proportions of equal mass (50% each). The undivided sample UND2 
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was prepared with a combination of RC, RA, BT, and NA fines (25% of mass each), with each of the 

four fines composed of the two size fractions in a 50/50 ratio. 

The separation of CDW constituents, and subsequent pulverization and sieving operations, were 

carried out at laboratory scale for experimental purposes. It is worth noting that in full scale 

applications these additional operations are not required since UND1 is the finest fraction normally 

included in CDW aggregate mixtures. 

The alkaline solution (AS) was obtained by combining sodium silicate (Na2SiO3) and sodium 

hydroxide (NaOH). In the first stage, flakes of sodium hydroxide (purity > 98%) were diluted in an 

equivalent mass of distilled water. Then, liquid sodium silicate (Na2SiO3), with a SiO2/Na2O mass 

ratio of 3.4 and pH of 11.6, was added to the NaOH solution in a 4:1 mass ratio. The AS was cooled 

down to room temperature before being used in the specimen preparation (Palmero et al. 2017).  

 

Chemical-physical characterizations of CDW fines 

The finest fractions of CDW powders (d < 0.063 mm) were subjected to X-ray fluorescence analysis 

(XRF) to evaluate their chemical composition. Results (Table 1) confirmed the presence of a relevant 

amount of SiO2 and Al2O3 in all constituents in line with the findings of a previous investigation 

(Bassani et al. 2019a) and literature (Bianchini et al. 2005; Angulo et al. 2009; Saiz Martínez et al. 

2016; Courard et al. 2020). RC contains the highest amount of CaO (23.5%) due to the presence of 

calcium-rich aggregates and residual cement particles in this fraction, in line with Puthussery et al. 

(2017) and Limbachiya et al. (2007). The UND1 and UND2 fines are almost identical in terms of 

chemical composition, with significant amounts of SiO2 (around 40%) and Al2O3 (equal to 12.2% and 

8.7% for UND1 and UND2 respectively). This finding suggests that UND1 is primarily composed of 

particles of the four main constituents (i.e. RC, RA, BT, and NA). However, it is worth mentioning 

that minor quantities of unidentified material are usually present in the undivided fraction UND1 

(Bassani et al. 2019a). 

The particle size distribution shown in Fig. 3 was determined by applying the laser granulometer 

method directly to recombined samples (i.e. samples composed in equal measure of the two size 

fractions d < 0.063 mm and 0.063 ≤ d < 0.125 mm).  



7 

Table 2 provides the particle density (ρp) and intergranular porosity of dry compacts (υ) 

measured on samples produced with 50% in mass of the two size fractions (d < 0.063 and 0.063 ≤ 

d < 0.125 mm) calculated as per the EN 1097-7 (European Committee for Standardization 2008a) 

and EN 1097-4 (European Committee for Standardization 2008b) respectively. The highest values 

of ρp were exhibited by NA and BT particles, while the lowest ones were recorded for RC and RA 

due to residual particles of cement or bitumen, respectively, adhering to aggregates and 

characterized by low densities (Katz 2003; Loria et al. 2009). RA and NA had the lowest υ values, 

suggesting that these particles bind together better than particles of other constituents; UND1 and 

UND2 particles exhibit intermediate values. 

 

Specimen preparation and curing 

Specimens for mechanical tests and degradation simulations were prepared by mixing raw powder 

and AS in a liquid-to-solid ratio of 0.4 in accordance with previous investigations (Komnitsas 2016; 

Bassani et al. 2019a; Tefa et al. 2021).  

Prismatic specimens of 80×20×20 mm size were prepared by pouring the mixture into plastic 

split moulds. Specimens were formed in two layers; each layer was compacted with a small rod, and 

the surface was levelled with a spatula. 

Specimens were cured for 28 days under different conditions depending on the specific 

constituents and the thermal treatment desired (20 or 80 °C). The temperature of 20 °C represents 

the average field thermal curing condition, while 80 °C is considered the optimal temperature to 

promote the AA of precursors derived from CDW materials (Komnitsas et al. 2015). 

In a preliminary testing phase, the time required for the AA-RA, AA-BT, and AA-NA specimens 

to harden was longer than that for AA-RC, AA-UND1, and AA-UND2. Hence, to promote the 

hardening of RA, BT, and NA specimens, they were first left to cure at 20 °C with relative humidity 

(RH) < 50% for 7 days after casting and then cured at room temperature and RH > 90%. In contrast, 

UND1, UND2, and RC samples were cured continuously at room temperature (20 °C) and with RH 

> 90% for 28 days (Fig. 4-a). Thermally treated specimens were exposed to 80 °C for the first 48 
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hours after casting (Fig. 4-b). Fig. 4 evidences that all samples were stored at 20 °C and RH > 90% 

for at least 21 days before the start of the mechanical testing phase. 

 

Degradation simulation 

After 28 days of curing, specimens were subjected to degradation by (i) immersion in water, (ii) the 

corrosive action of de-icing salts, and (iii) freeze-thaw (F/T) cycles. In the case of immersion in water, 

samples were placed in a plastic container and immersed in distilled water (around 0.6 litres per 

container). The immersion in water lasted for 5 days, after which specimens were left to dry for 24 

hours and then subjected to mechanical tests.  

The same procedure was used for de-icing salt degradation. An aqueous solution prepared by 

mixing 4 g of anhydrous powder of CaCl2 in 100 ml of distilled water (concentration of 4%) was used 

as per ASTM C672 (ASTM International 2012). 

The degradation due to freezing was simulated by exposing hardened specimens to 12 F/T 

cycles of 48 hours between temperatures of -(20±1)°C to +(20±1)°C. F/T degradation is usually 

administered to specimens completely immersed in water (Komnitsas et al. 2015; Komnitsas 2016; 

Topçu et al. 2014; Degirmenci 2017). However, this testing approach fails to recreate the conditions 

to which the material could be exposed in the subbase layer of road pavements. In such applications, 

the material is usually below an impervious layer containing the bituminous mixture and far from the 

groundwater (Bassani and Tefa 2018; Bilodeau et al. 2011; Tian et al. 2019). For these reasons, 

hardened specimens were directly placed into a thermal cabinet and exposed to F/T cycles without 

immersion in water. 

A set of AA specimens (5 replicates) of each constituent was not subjected to the degrading 

procedure but underwent mechanical tests directly after 28 days of curing to define the reference 

properties for non-degraded material. 

 

Mechanical tests 

Prior to mechanical testing, specimens were smoothed out to remove any surface imperfections. 

Then, to define the geometric density of each sample, mass and sizes were measured.  
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The effects of the degrading actions were evaluated in terms of the variation in the mechanical 

properties of the reference values which had been determined for non-degraded specimens. The 

flexural strength values (σf,max) of prismatic samples were measured on a three-point bending 

configuration (bottom span of 60 mm) on five replicates (Palmero et al. 2015). In accordance with 

EN 196-1 (European Committee for Standardization 2016a) and ASTM C348 (ASTM International 

2014), compressive strength (σc,max) was measured on the two residual parts resulting from the 

flexural test, thus on ten replicates. Flexural and compressive strength tests were performed by 

employing an electro-pneumatic testing machine equipped with a 50-kN loading cell applying a 

constant strain rate of 0.25 and 0.5 mm/min respectively.  

Considering the six fines (UND1, RC, RA, BT, NA, and UND2), four degradation conditions 

(none, immersion in water, CaCl2, and F/T), two different thermal treatments during curing (20 °C 

and 80 °C), and five replicates, a total of 240 specimens were prepared. As a result, a total of 240 

flexural and 480 compressive strength tests were carried out. 

 

RESULTS AND DISCUSSION 

 
Density 

Table 3 reports the average density of AA specimens at 28 days of curing (according to Fig. 4 cured 

for at least 21-days at RH > 90%) and immediately before performing the mechanical tests. Samples 

exposed to the 48-hour treatment at 80 °C always exhibit lower density values than those cured at 

room temperature.  

It is worth noting that the average density of AA-UND1 cured at room temperature (1986 kg/m3) 

is exactly equal to the value obtained by averaging the densities of the single constituents RC, RA, 

BT, and NA (1987 kg/m3). Accordingly, the average density values of the AA-UND1 and AA-UND2 

specimens (cured at 20 °C) are very similar. In contrast, if one considers the average densities of 

heat-cured specimens, the value of AA-UND1 (1929 kg/m3) is not equivalent or close to the average 

density values of the four main components (1877 kg/m3). It suggests that individual components 

tend to behave differently to the AA-UND1 sample because of the heat treatment. This assertion can 
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also be confirmed by the disparity in density between AA-UND1 and AA-UND2 (exposed to the 80 

°C treatment). 

Specimens made up of AA-NA show the highest densities consistent with the values of ρp in 

Table 2. Despite the AA-BT particles being characterized by high particle density values, the low 

density of AA samples evidences their poor packing ability due to the irregular morphology of these 

particles (Letelier et al. 2018). This aspect is confirmed by the high intergranular porosity shown by 

the AA-BT dry compact in Table 2. 

 

Flexural and compressive strength results 

Fig. 5 depicts the ratio between flexural and compressive strength (σf,max/σc,max). In the case of 

products cured entirely at 20 °C (Fig. 5-a), the average value of σf,max/σc,max varies from 0.21 of AA-

RC to 0.45 of AA-RA and AA-NA. Similarly, thermally-cured specimens at 80 °C (Fig. 5-b) exhibited 

average flexural and compressive strength ratios ranging from 0.21 to 0.43. Considering all the 

results, one may postulate that σf,max accounts for 30% on average of σc,max with a standard deviation 

of ±10%, in line with literature (Kheder and Al-Windawi 2005; Haach et al. 2011). For this reason, 

the discussion concerning the effects of degradation has been limited to the compressive strength 

results, with the assumption that any conclusions drawn could also apply to flexural strength values. 

 

Effect of immersion in water 

Specimens cured at 20 °C 

The effect of immersion in water on the compressive strength of AA-CDW fines cured at 20 °C is 

illustrated in Fig. 6-a.  

AA samples from both undivided fractions UND1 and UND2 did not show any evidence of 

degradation following immersion in distilled water and no deterioration in mechanical properties were 

recorded. In contrast, AA-UND1 showed a significant increase in strength after being exposed to 

water, thus revealing the tendency for the continuous development of hardening reactions in the 

mixture. The coexistence of different mechanisms such as the alkali-activation of the 
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aluminosilicates, the hydration of unreacted cementitious particles and pozzolanic reactions between 

residual Ca(OH)2 and silica species can be accounted for by the mechanical strength of AA-UND1 

and AA-UND2 fractions and their heightened resistance to degradation by immersion in water 

(Kovler 2001; Bassani et al. 2019a; Bassani et al. 2019b; Lau Hiu Hoong et al. 2021). The presence 

of RC fraction in both AA-UND1 and AA-UND2 mixtures substantially contributed to the gain in 

strength, since non-degraded AA-RC specimens (cured at 20 °C) reached compressive strength 

values which were almost double that of the other fractions. Moreover, AA-RC specimens were 

affected, albeit only slightly, by immersion in water degradation with the statistically significant 

reduction in σc,max (t-test results: t17 = 4.06, p < 0.001) limited to an average of 8% with respect to 

non-degraded specimens. Immersion in water favoured the re-hydration of residual cementitious 

particles present in AA-RC and compensated for any possible deterioration due to the immersion in 

water (Bassani et al. 2016). 

The RA constituent displayed the lowest average compressive strength values. However, AA-

RA specimens cured at 20 °C did not show a reduction in mechanical properties as a result of water 

degradation. Specifically, AA-RA specimens after 5 days of immersion in water revealed a significant 

increase in their compressive strength from 3.0 MPa for the reference samples to 4.6 MPa recorded 

for the water immersed specimens (t-test results: t16 = -29.8, p < 0.001). The performance of the AA-

RA material cured at 20 °C can be partially ascribed to its greater compactness with respect to other 

fines (Table 2), which makes it less susceptible to water penetration. Furthermore, the waterproofing 

properties (Zhu et al. 2014) of residual bitumen compounds in RA could have prevented or partially 

prevented water penetrating into the open voids of hardened material, thus minimizing any damage 

caused. 

Specimens made up of AA-BT and AA-NA powders treated at 20 °C were negatively affected 

by water since both fractions suffered a significant reduction in their mechanical properties after 

immersion in water for 5 days (σc,max of BT and NA specimens decreased by 55 and 24%, 

respectively, with respect to the values of non-degraded samples). This behaviour can be attributed 

to the low magnitude of the alkali-activation reaction which led to an unstable and weakly-bonded 

structure. This assumption is compatible with the significant loss of particles experienced by AA-BT 
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specimens at the end of the degradation stage, which can be regarded as an exhibition of stripping 

phenomena caused by water in the porous and weak solid structure.  

Specimens cured at 80 °C 

Mechanical results in Fig. 6-b evidence that the 48-hour heat treatment at 80 °C during curing 

promoted alkali-activation reactions since all hardened specimens showed markedly enhanced 

mechanical properties in comparison to specimens cured at 20 °C without treatment (Tefa et al. 

2021). Nevertheless, heat-treated AA products were more markedly degraded than the 

corresponding mixtures cured at room temperature. 

In contrast to the results for specimens treated at 20 °C (Fig. 6-a), the strength values of AA-

UND1 and AA-UND2 declined due to water degradation. Thermally treated AA-UND1 exhibited an 

average decrease of 43% in compressive strength properties after water immersion, while the 

thermally treated AA-UND2 showed a strength loss of about 54%. 

The hydraulic stability of AA materials is still a subject of debate in literature (Coppola et al. 

2020b). Some studies have pointed out that the excess of alkaline species, especially in precursors 

with a low content of Ca, could be the origin for their solubility in water, leading to ineffective binding 

and, consequently, erosion of their mechanical properties, and/or even the complete disintegration 

of specimens (Celerier et al. 2018; Bădănoiu et al. 2015; Ahmari and Zhang 2013). Moreover, the 

high solubility of unreacted AS led to diminished mechanical properties after immersion in water. In 

contrast, the presence of unreacted cement particles and the occurrence of pozzolanic reactions 

resulted in materials which were more water-resistant (Bernal and Provis 2014; Celerier et al. 2018; 

Coppola et al. 2020a; Ahmari and Zhang 2013; Hanjitsuwan et al. 2018).  

In addition to these considerations, the deterioration in the mechanical properties of products 

subjected to treatment at 80 °C can be partially associated with the low density of specimens (Table 

3). In this configuration, the higher volume of voids facilitated the penetration of water and resulting 

degradation. 

The behaviour of UND1 specimens cured at 80 °C is also reflected in the behaviour of its 

constituents. Apart from AA-RC, the AA-RA, AA-BT, and AA-NA materials experienced a significant 

decrease in compressive strength values following immersion in water. The average σc,max of AA-RA 
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specimens exposed to water degradation was reduced by 70% in comparison to non-degraded 

reference materials. Similarly, NA material experienced a high degree of water degradation judging 

by the fall in compressive strength from 15.8 MPa for non-degraded specimens to 2.2 MPa for the 

deteriorated ones. 

The drastic deterioration in the mechanical properties of both the RA and NA specimens can be 

attributed to the swelling phenomena experienced by hardened products during their immersion in 

water. The expansion in volume caused superficial cracking and particle detachments. This was 

probably caused by the formation of expansive products in the presence of water, i.e. hydrated silica 

(Coppola et al. 2020a). Some studies pointed out that the high alkalinity of the AS leads to reactive 

products which are comparable to those deriving from the alkali-silica reactions of OPC (Williamson 

and Juenger 2016; Li et al. 2019). The formation of these hydrated products probably contributed to 

the expansive behaviour recorded in RA and NA specimens when immersed in water. 

Consistent with other materials, the BT fraction which was exposed to the 48-hour 80 °C thermal 

treatment also saw its compressive strength halved after immersion in water, albeit no visible signs 

of cracking or swelling phenomena were detected. Komnitsas et al. (2015) attributed the decrease 

in strength of alkali-activated ceramic materials after immersion in water to the depolymerisation of 

the aluminosilicate matrix. 

RC fines (thermally treated during curing) exhibited the lowest strength reduction (-13%) due to 

immersion in water. The higher resistance of the RC component compensated for the poor behaviour 

of the other components (RA, BT, and NA) in the undivided mixtures (UND1 and UND2). Indeed, the 

loss in strength sustained by the water-degraded UND1 and UND2 specimens was slightly lower 

than that sustained by the RA, BT, and NA materials. 

The better performance of the AA-RC mixtures cured at 80 °C can again be attributed to the 

formation of hardened products which do not dissolve in water. The low content of aluminosilicates 

and the significant amount of CaO in RC (Table 1) suggests that the development of the mechanical 

properties of this constituent are due in large part to the re-hydration of residual cement particles. It 

is worth observing that the average σc,max value displayed by specimens cured at 80 °C (for 48 hours) 
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was significantly higher at the 95% of confidence level than that of specimens cured at 20 °C (i.e. 

σc,max = 20.1 MPa at 20 °C; σc,max = 21.8 MPa at 80 °C; t-test results: t18 = -3.21, p = 0.005). 

 

Effect of de-icing salts 

Specimens cured at 20 °C 

Fig. 7 shows the variation in compressive strength between reference specimens and those 

immersed in an aqueous solution of calcium chloride for the simulation of de-icing salt degradation. 

As regards the AA materials cured at 20 °C, the effect of immersion in the CaCl2 solution leads 

to results comparable to those observed in the case of immersion in water. Both undivided fractions 

(UND1 and UND2) cured at 20 °C were not influenced by the degradation of the CaCl2 solution. 

Consistent with the results of Fig. 6-a, these materials exhibited a slight improvement in their 

mechanical property values after immersion in the CaCl2 solution. The behaviour of UND1 

specimens is mainly influenced by the effects of immersion in the CaCl2 solution as observed on 

their constituent materials (AA-RC, -RA, -BT, and -NA). Specimens produced with AA-RC fines and 

cured at 20 °C displayed no variation in compressive strength in comparison to non-degraded 

reference fines. Meanwhile, the immersion of the AA-BT and AA-NA samples cured at 20 °C in a 

CaCl2 aqueous medium caused a decrease in their mechanical properties of around 30% when 

compared to reference mixtures. AA-RA specimens treated at 20 °C showed excellent resistance to 

CaCl2 solution degradation, increasing their strength by 55% with respect to non-degraded 

references. 

Specimens cured at 80 °C 

As observed with immersion in water degradation, AA materials subjected to the 80 °C heat-

treatment experienced a drastic reduction in their mechanical properties after exposure to the CaCl2 

solution (Fig. 7-b). Most of the AA products showed a reduction in excess of 50% after CaCl2 

degradation. Only AA-RC and AA-UND1 managed to restrict their losses in compressive strength to 

27 and 48% respectively in comparison to reference mixtures. Analogously to water degradation, 

the immersion of AA-RA and AA-NA specimens in the CaCl2 solution caused noticeable swelling and 



15 

detachment phenomena which led to a severe deterioration of these materials and to the almost 

total loss of mechanical strength. 

De-icing salts are known to produce some deleterious effects in cementitious materials 

(Collepardi et al. 1994). Although the actual process by which the material is damaged is not well 

defined, some studies indicated that CaCl2 can react with Ca(OH)2 to form  calcium oxychloride 

which can impair the hydrated cement structure (Suraneni et al. 2017; Suraneni et al. 2018; Qiao et 

al. 2018). Chatterji (1978) reported that the leaching of Ca(OH)2 from cementitious binders makes 

them more porous and more susceptible to water penetration and expansion phenomena caused by  

water freezing. To the best of the authors’ knowledge, the effects of de-icing salt degradation on AA 

binders have not been discussed in literature.  

On examination of the compressive strength results (Fig. 7), it is evident that the detrimental 

effects of de-icing salt exposure are approximately equivalent to those caused by immersion in water 

(Fig. 6) independently of the curing temperature. It is believed that calcium is predominantly present 

as calcite in RA, NA and BT raw powders, and therefore not responsible for this detrimental reaction 

(Bassani et al. 2019a). Although a fraction of residual calcium oxide and hydroxide may be present 

in RC, it is reasonable to assume that these compounds reacted with silicates during the AA process, 

and are thus not available for this degradation mechanism (Coppola et al. 2020c).  

The greater decrease in compressive strength values of specimens exposed to the 80 °C 

thermal treatment can be explained by their immersion in water: (i) the solubility of unreacted AS in 

the pores of materials, (ii) the depolymerisation of the aluminosilicate matrix, and (iii) the higher 

porosity of specimens due to the heat treatment at 80 °C. 

 

Effect of freeze/thaw cycles 

Specimens cured at 20 °C 

From an examination of the results in Fig. 8, it would appear that not all the AA fines are influenced 

by the F/T degradation. Independently of curing temperature and materials, after 12 F/T cycles all 

specimens exhibited higher strength values than the reference ones. In the case of specimens 

prepared at 20 °C (Fig. 8-a), both AA-UND1 and AA-UND2 exhibited an adequate resistance to F/T 
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degradation. Their performance can be viewed as intermediate when considering the performance 

range for all four main constituents. 

The higher mechanical strength values recorded after F/T degradation can be ascribed to the 

longer curing time of degraded specimens with respect to the reference ones. Considering that the 

F/T degradation process lasted for 12 cycles of 2 days each, degraded specimens underwent 

mechanical characterization after 52 days (28 days of curing + 24 days of F/T degradation) in 

comparison to 28 days for the reference samples. This additional time allowed for the development 

of geopolymerization and, possibly, hydration reactions in a not-deleterious curing environment, 

providing a boost to mechanical strength. 

Specimens cured at 80 °C 

The F/T cycles did not produce a detrimental effect on the 80 °C heat-cured AA materials (Fig. 8-b). 

However, in this case, the post degradation increase in strength was less prominent than that for 

specimens cured at 20 °C. The average σc,max value for AA-UND1 increased by 7% after F/T cycles, 

while for AA-UND2 the increase observed was 14%.  

It is recognized that the F/T degradation was not as severe as per the usual F/T experimental 

protocols, e.g., ASTM C666 (ASTM International 2015) and CEN/TS 12390-9 (European Committee 

for Standardization 2016b), owing to the fact that the specimens were not saturated (Brooks et al. 

2010). In this investigation, F/T cycles were applied to partially saturated material as a more realistic 

simulation of field conditions for road applications (Bassani and Tefa 2018; Bozyurt et al. 2013; 

Khoury and Zaman 2007). 
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Durability assessment 

To synthetically evaluate the effect of each type of degradation on the mechanical properties of AA 

products, a durability index (DI) was defined as per the following eq. 1:  

DI(x)= σc,max (x)
σc,max(ref.)

           eq.1 

where x indicates the type of degradation, σc,max(ref.) is the compressive strength of the reference 

mixture (i.e. not exposed to degradation), σc,max(x) is the average compressive strength of specimens 

after the x degradation. 

DI values reported in Table 4 are supported by the results coming from the independent sample 

t-test. This approach facilitated an assessment of the differences between the mean compressive 

strength values of degraded samples and non-degraded ones with the level of significance of these 

differences evidenced by symbols associated with the p-value range. The results indicate that DI 

values around the unit fail to depict any significant differences between the two sample groups 

compared. Conversely, when DI assumes values far from the unit value, the differences between 

groups become significant. Hence, DI is an index which is robust enough to interpret the results 

coming from degrading actions. When DI is higher than or at least equal to 1, the material strength 

is not affected by the degradation process, so it exhibits good durability. Conversely, when DI is 

lower than 1 the material is suffering from the detrimental actions of the applied degradation process.  

The DI values of 80 °C heat-cured samples were always lower than or equal to those relating to 

materials cured at 20 °C. Although the 48-hour thermal exposure treatment at 80 °C during curing 

considerably increased their mechanical properties, these AA products were strongly affected by 

water and CaCl2 degradations. Except for AA-RC, the degradation caused by immersion in water 

and CaCl2 significantly compromised the mechanical properties of heat-treated specimens, whose 

DI values ranged between 0.57 and 0.14. In the case of 80 °C treated materials, the AA-RA and AA-

NA fractions resulted as the most vulnerable constituents, exhibiting the lowest DI values. 

Both UND1 and UND2 specimens displayed the highest DI values, at least in the case of 

specimens entirely cured at 20 °C. Considering that heat treatments are not always a viable option 

in road constructions, the more robust response to degradation simulation in the case of curing at 

20 °C (compared to materials exposed to the thermal treatment at 80 °C) is a very positive aspect 
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of this specific application. The AA-UND1 sample, which includes practically all the fine particles 

present in mixed CDW aggregates achieved intermediate strength values because of the AA and 

curing at room temperature. Meanwhile, since AA-UND1 proved so resistant to the effects of 

degradation actions and retained its strength, this material can be regarded as a durable phase 

which acts to stabilize recycled CDW aggregates for use in subbase road pavements. 

According to DI outputs, independently of the curing conditions, all materials responded well to 

the effects of F/T degradation, due to the low severity of the action applied. However, the adopted 

degradation procedure is more simulative of the real degrading actions that can occur in road 

applications. In pavement structures, materials employed in subbase layers are not directly exposed 

to the F/T action in saturated conditions, since they are below impervious layers and far from the 

groundwater. For this reason, the saturation state (which can be reached by completely immersing 

specimens in water) is not representative of real conditions. 

 

CONCLUSIONS 

The experimental study investigated the level of degradation due to immersion in water, chemical 

attacks by CaCl2, and freeze/thaw (F/T) action on specimens produced from the AA of the finest 

fraction (d < 0.125 mm) of CDW aggregates. Since the finest fraction is more reactive and 

susceptible to undergoing alkali-activation, the degradation assessment was carried out on samples 

made up of AA fines to exclude any secondary effects due to other mixture-related factors. 

The effects of degrading actions were evaluated in terms of variation in mechanical strength 

values between degraded specimens and reference (non-degraded) ones. CDW aggregate 

constituents (i.e., RC, RA, BT, and NA) were compared with samples obtained from the two 

undivided fractions (UND1 and UND2). Based on the obtained results, the following conclusions can 

be drawn: 

• AA fines cured at 80 °C for 48 hours were characterized by lower densities than those cured 

at room temperature, due to water evaporation during the heating treatment; 
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• alkali-activation reactions were favoured during heat curing of the aluminosilicate-rich 

constituents (i.e. BT, UND1 and UND2) since the strength of specimens containing such 

precursors was significantly greater than that of the same materials cured at 20 °C; 

• AA-RC specimens did not suffer any degradation due to immersion in water independently 

of curing temperature since the re-hydration of residual cement particles favoured the 

hydraulic stability of these products. In contrast, AA specimens containing other constituents 

(RA, BT, NA, UND1, and UND2) and exposed to 80 °C for 48 hours proved more vulnerable 

to degradation than the corresponding mixtures cured at 20 °C. It is reasonable to suppose 

that immersion in water caused the solubilization of the products resulting from the AA 

process; 

• AA-RA and AA-NA treated at 80 °C exhibited extensive swelling phenomena after immersion 

in water, causing superficial cracking and spalling. Therefore, the mechanical strengths of 

these specimens experienced a drastic reduction after the degradation caused by immersion 

in water; 

• the decrease in mechanical properties of AA specimens after immersion in CaCl2 solution 

was approximately equivalent to that recorded for water-degraded specimens independently 

of curing temperature. It suggests that the effect of CaCl2 on mechanical strength values was 

not greater than the degradation caused by immersion in water. 

The robust performance throughout the degradation simulation displayed by AA-UND1 and AA-

UND2 fractions cured at 20 °C can be considered a great result for the specific application of road 

constructions in situations where heat treatments are not viable. UND1 samples attained 

intermediate strength values following AA and curing without any thermal treatment, and managed 

to retain these values in spite of the application of degrading actions. Therefore, the fine fraction of 

unseparated CDW aggregates can successfully stabilize coarse aggregate mixtures (d ≥ 0.125 mm) 

and retain their properties even after exposure to water immersion, CaCl2 solution , and the F/T 

process. 
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FIGURES 
 

 
Fig. 1. General overview of the use of CDW aggregates in the formation of stabilized subbase road pavement layers: (a) 
pavement structure, (b) stabilized subbase layer with CDW aggregates, (c) constituents of CDW coarse aggregates 
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Fig. 2. Research concept. (a) Details of CDW fine particles employed as precursor for AA to form the stabilizing phase; (b) 
experimental set-up; (c) durability assessment of alkali-activated CDW fines 

 
 

 

Fig. 3. Particle size distribution of size-recombined CDW powders (combination of 50% in mass of d < 0.063 mm and 
0.063 ≤ d < 0.125 mm) 
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(a) 

 

 
(b) 

Fig. 4. Outline of curing conditions (a) without and (b) with heat treatment at 80 °C depending on the constituent 
 

 

 

 
(a) 

 

 
(b) 

Fig. 5. Ratio between average flexural and compressive strength values of specimens cured at (a) 20 °C and (b) 80 °C 
(error bars indicate one standard deviation of each ratio and are obtained as per the error propagation theory). The 
percentage indicates the variation in the non-degraded value for each category of material 
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(a) (b) 

Fig. 6. Variation in compressive strength due to immersion in water of specimens cured at (a) 20 °C and (b) 80 °C (error 
bars indicate one standard deviation) 

 
 

  
(a) (b) 

Fig. 7. Variation in compressive strength due to CaCl2 degradation on specimens cured at (a) 20 °C and (b) 80 °C (error 
bars indicate one standard deviation) 
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(a) (b) 

Fig. 8. Effect of F/T degradation on the compressive strength of specimens cured at (a) 20 °C and (b) 80 °C (error bars 
indicate one standard deviation) 
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TABLES 
 

Table 1. XRF results for CDW fines 

Element 
Mass (%) 

UND1 RC RA BT NA UND2 
SiO2 38.3 36.3 32.8 59.1 37.8 40.7 
Al2O3 12.23 5.90 6.78 18.3 6.08 8.70 
CaO 9.78 23.5 5.65 4.66 14.5 11.8 
CO2 24.4 20.9 37.0 0.00 22.9 21.4 
Fe2O3 4.11 3.16 2.91 7.07 3.86 4.20 
MgO 6.0 7.51 11.00 5.06 12.2 10.7 
SO3 1.47 1.04 0.977 0.242 0.00 0.56 
K2O 1.75 0.896 0.842 2.490 0.772 1.16 
TiO2 0.544 0.323 0.263 0.957 0.290 0.407 

 

 
Table 2. Particle density of CDW powders and intergranular porosity of CDW dry compacts 
Constituent Particle density ρp (kg/m3) Intergranular porosity, υ (%) 
UND1 2626 33.3 
RC 2574 34.5 
RA 2380 26.0 
BT 2752 34.3 
NA 2705 30.0 
UND2 2566 31.2 

 

 
Table 3. Average geometric density values of AA specimens at the end of curing stage (before degradation simulation or 
mechanical tests) 
Curing temp. 
(°C) 

Density, mean ± standard deviation (kg/m3) 
AA-UND1 AA-RC AA-RA AA-BT AA-NA AA-UND2 

20 1986 ± 14 2037 ± 22 1971 ± 16 1797 ± 28 2144 ± 16 1993 ± 19 
80 1929 ± 15 1959 ± 14 1849 ± 7 1688 ± 11 2010 ± 26 1874 ± 19 

 

 
Table 4. Durability index (DI) for AA products depending on the type of precursor. Independent sample t-test statistics are 
reported to assess the hypothesis that the reference mean strength values of non-degraded samples and samples 
subjected to degradation are significantly different at the 95% confidence level: (**) p < 0.001, (*) 0.001 ≤ p ≤ 0.05, (°) p > 
0.05 
Curing temp. 
(°C) Degradation Specimens 

AA-UND1 AA-RC AA-RA AA-BT AA-NA AA-UND2 

20 
Water 1.41** 0.92** 1.55** 0.45** 0.76** 1.31** 
CaCl2 1.03° 1.00° 1.55** 0.65** 0.71** 1.29** 

F/T 1.50** 1.02° 2.43** 1.94** 1.23** 1.39** 

80 
Water 0.57** 0.87** 0.30** 0.57** 0.14** 0.46** 
CaCl2 0.52** 0.73** 0.22** 0.50** 0.23** 0.33** 

F/T 1.07* 1.18** 1.16** 1.17* 1.19* 1.14** 
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