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Abstract

:

The paper assesses the durability of one-part alkali-activated slag-based mortars (AAS) in different aggressive environments, such as calcium chloride- and magnesium sulphate-rich solutions, in comparison with traditional cementitious mortars at equal water to binder ratio. Moreover, the freezing and thawing resistance was evaluated on mortars manufactured with and without air entraining admixture (AEA). Experimental results indicate that the alkali content is a key parameter for durability of AAS: the higher the alkali content, the higher the resistance in severe conditions. In particular, high-alkali content AAS mortars are characterized by freeze–thaw resistances similar to that of blast furnace cement-based mixtures, but lower than that of Portland cement-mortars while AAS with low activators dosages evidence a very limited resistance in cold environment. The effectiveness of AEA in enhancement of freeze–thaw resistance is confirmed also for AAS mortars. Moreover, AAS mixtures are quasi-immune to expansive calcium oxychloride formation in presence of CaCl2-based deicing salts, but they are very vulnerable to magnesium sulphate attack due to decalcification of C-S-H gel and gypsum formation.
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1. Introduction


In the recent years, the research concerning the sustainability of cement and concrete industry has greatly increased both in academic and industrial community, following a three-sided approach aimed at reducing the environmental impact of cementitious materials, prolonging the service life of concrete structures and improving the performances of mixtures [1]. The alkali-activated slag-based materials (AAS) seem to be an effective solution to enhance the sustainability of concrete structures but their success is strictly related with their durability in aggressive environments. Only if the AAS was able to demonstrate adequate durability, their intensive use in the construction sector would be possible. Several studies were conducted in the field of rheology [2,3,4], physical performances [5,6,7,8,9,10,11] as well as microstructure [12,13,14] of AAS-based materials but only a limited number of paper concerning the durability of alkali-activated slag-based mortars and concretes was published. In particular, there are not papers that specifically deals with the topic of durability of one-part alkali-activated slag-based mixtures.



There is a relatively limited knowledge on resistance of AAS to sulphate attack. Immersion of two-parts alkali-activated slag binders in sodium sulphate solutions, according to traditional test method for Portland cement-based (OPC) concretes, does not promote expansion or cracking of binder paste [15,16]. On the contrary, OPC-based samples show significant expansion and cracking associated with the formation of secondary ettringite and gypsum [17]. Recent results [18] revealed that the key factor controlling the degradation mechanism of AAS is not the sulphate itself, as tends to be the case in Portland cement mixtures, but rather it is the nature of the cation accompanying the sulphate anion. Exposure to sodium sulphate seems to favor the structural evolution of the binding phases and densification of the system, which is consistent with the known role of Na2SO4 as activator. Conversely, the presence of magnesium leads to decalcification of the Ca-rich gel phases in alkali-activated materials, promoting the decay of the main binding phases and leading to formation of low-strength M-S-H type phases.



Resistance to freeze and thaw cycles is another important factor influencing the durability of concrete structures in cold regions and it depends mainly on the microstructure of hardened binder matrix (e.g., its porosity, pore size, capillaries, distribution, type of pores and spacing of entrained air bubbles). The deterioration of concrete structure in cold regions, that generally appears with internal cracks, expansions, surface scaling and mass loss, can be more pronounced in alkali-activated slag-based materials respect to Portland cement-based mixtures (OPC) due to the porous nature of AAS [19]. Nevertheless, only few papers investigated the freezing and thawing resistance of two-part AAS mixtures without additions (mineral or nano-addition). Fu et al. [20] evidenced a high freeze–thaw resistance of high performance AAS mortars although a comparison with OPC-based mortars is missing. Cai et al. [21] highlighted that the decisive factor influencing the freeze–thaw resistance is the air bubble spacing coefficient. However, the resistance to freeze and thaw could be increased by using air entraining agents, similarly to what is already done for OPC-based concretes.



Finally, no study was published concerning the resistance of AAS materials to calcium chloride-based deicing salts, both on one-part and two-part alkali-activated materials as defined by Luukkonen et al. [22].



The purpose of this study is to evaluate the durability of one-part alkali-activated slag-based mortars subjected to magnesium sulphate attack, exposed to freeze and thaw cycles or calcium chloride-based deicing salts in comparison with traditional cementitious mortars at equal water content. The effectiveness of an air entraining agent (AEA) on improving the resistance against freeze–thaw cycles was also investigated.




2. Materials


The one-part alkali-activated slag-based mortars were prepared by using a ground granulated blast furnace slag (GGBFS) with 28-day pozzolanic activity index equal to 0.76 (according to EN 196-5) as precursor and an alkaline powder as activator. In particular, a blend of sodium silicate, potassium hydroxide and sodium carbonate (all technical grade) with relative mass ratio of 7:3:1 was used as activator in accordance with previous studies [23,24]. Moreover, two different cement-based mortars were manufactured as reference by using a Type I Portland cement CEM I 42.5R (PC) and a CEM III/B 42.5N blast furnace cement with high slag content (BFC), compliant with the EN 197-1 standard. The physical properties and the chemical composition of binders (Table 1) were investigated by means of laser granulometry (Mastersizer 3000 Malvern Instruments Ltd., Malvern, UK) and SEM-EDS measurements (Inspect, FEI Company, Hillsboro, OR, USA).



The XRD pattern (Rigaku Miniflex 60, X-ray source Cu K-alpha 0.15418 nm, 40 kV, 15 mA, theta step 0.02, rate 1°/min) of GGBFS reported in Figure 1 shows the typical amorphous hump around 2θ = 25°–35° that reflects the short range order of CaO-Al2O3-MgO-SiO2 glass structure in accordance with [25]. Furthermore, the basicity coefficient Kb and the quality coefficient Kq, calculated according to Wang et al. [26] starting from the chemical composition of GGBFS, were equal to 1.20 and 1.77, respectively.



Five different natural siliceous sands (Table 2) with maximum size of 2.5 mm were used as aggregates. Finally, a superplasticizer based on ester of methacrylic acid monomer (PCE) having 1000 g/mol side chain length and an acid/ester ratio equal to 3.5 and an air-entraining agent (AEA) based on cocamide diethanolamine (according to EN 934-2 and EN 480-2) were used.




3. Mixture, Preparation and Samples Curing


Three one-part alkali-activated slag-based mortars were prepared at equal silica modulus (Ms = 0.48) by varying the alkali content (Ac) between 0.038 and 0.075 [27]. In addition, two cementitious mortars manufactured with Portland cement (PC) or blast furnace cement (BFC) were used as control mixtures. In all mixes, the water/binder (w/b) and the sand/binder (s/b) of mortars were fixed at 0.55 and 3.00, respectively. Furthermore, in order to ensure a thixotropic consistency of cement-based mortars, a superplasticizer was used at 0.5 wt.% vs. cement mass.



Finally, a second set of mortars were prepared by using the air-entraining agent in order to achieve an air content equal to 10 ± 1% in order to evaluate the effectiveness of AEA to enhance the freeze/thaw resistance of one-part AAS. Details on the mix composition are listed in Table 3.



Cement-based mortars were manufactured according to EN 196-1 while AAS mixtures were prepared in accordance with the “Dry mixing method” reported in [28] and already used in previous studies [24,29]. In particular, the procedure is composed by five phases:




	(i)

	
GGBFS, alkali activator in solid form and tap water are placed into the steel bowl;




	(ii)

	
The mixer starts at low speed (140 rpm for the revolving action, 62 rpm for the planetary action) for 30 s;




	(iii)

	
The mixing proceeds at high speed (285 rpm for the revolving action, 125 rpm for the planetary action) for 60 s;




	(iv)

	
The mixture rests for 90 s;




	(v)

	
The mixer completes the procedure with further 60 s at high speed.









Prismatic specimens 40 mm × 40 mm × 160 mm were cast and kept in laboratory conditions for 24 h (20 ± 2 °C). Then, the specimens were removed from the steel mold, rinsed in water and cured in a climatic chamber (20 ± 2 °C, 60 ± 5% R.H.) till the time of experiment.




4. Experimental Methods


4.1. Fresh State and Elasto-Mechanical Properties


After the mixing, the workability was measured on mortars by means of a flow table (EN 1015-3), the specific mass was evaluated at fresh state according to EN 1015-6 and the air content was detected in accordance with EN 1015-7. Specific mass at hardened state, flexural and compressive strength were determined at 1, 7, 28, 56 and 84 days from casting (EN 1015-11). Furthermore, dynamic modulus of elasticity of mortars was estimated by means of Ultrasonic Digital Indicator Tester at 28 days in accordance with EN 12504-4.




4.2. Freezing and Thawing Resistance


The freeze–thaw cycles resistance of AAS manufactured with and without AEA was evaluated according to the Italian Standard UNI 7087 (minimum temperature −20 °C, maximum temperature +5 °C, cooling speed −4.5 °C/h, cycle time of 12 h) measuring the mass change, the compressive strength loss and the elastic modulus variations every 25 cycles up to 150 cycles. The experimental test was performed on mortar samples cured for 28 days at 20 °C and R.H. 60%.




4.3. Calcium Chloride Resistance


The attitude to the formation of the expansive compound (calcium oxychloride) of AAS in CaCl2-based deicing salts-rich solutions was investigated. Mortar specimens were cured for 28 days in a climatic chamber at 20 °C and 60% R.H., were subsequently stored for 28 days in a 30 wt.% CaCl2 solution at 38 °C to promote the calcium chloride ingress in the matrix, and finally were cooled at 4 °C in order to enhance the expansive compound formation as a consequence of reaction between calcium chloride, lime and water [30]. The durability was evaluated as mass change and strength loss compared with mortars stored in deionized water following the same thermal cycle (20 °C for 28 days, 38 °C for 28 days and then cooled at 4 °C).




4.4. Magnesium Sulphate Attack Resistance


After 28-day curing at 20 °C and R.H. 60%, the prismatic specimens were partially immersed in 10 wt.% MgSO4 solution. The efflorescence formation was monitored every 7 days up to 130 days, then the degradation of cementitious matrix was determined by measuring both the mass of efflorescence and the strength loss of specimens in different areas (totally immersed in the solution, exposed to air and close to the free surface of solution) as reported in Figure 2.





5. Results and Discussion


5.1. Fresh State and Elasto-Mechanical Properties


The mortars manufactured without AEA present a thixotropic consistency with a workability by flow table ranging from 150 and 190 mm (Table 4). Moreover, as expected, the workability of AAS mortars increases by increasing the alkali content due to the deflocculating and plasticizing effect promoted by the use of sodium silicate as activator that reduce the yield stress at early ages [2,10].



The addition of the AEA determines an increase of workability of about 50% both in cementitious and alkali-activated mortars (Table 5) due to the spherical air bubbles that act as a fine aggregate of very low surface friction. The air content and the specific mass at fresh state of mortars without AEA are similar, generally close to 5% and 2150 kg/m3, respectively. On the contrary, the 28-day specific mass of AAS8 is 110 kg/m3 lower than that of AAS16, probably due to the smaller degree of reaction of slag and higher free water content as reported by Coffetti [31]. As reported in Table 3, the effectiveness of AEA in the air-entrained mortars varies depending on the nature of the binder (PC and BFC require less admixture respect to AAS mortars) and the Ac of alkali-activated mortars (by increasing the Ac, the dosage of AEA to obtain an air content close to 10% decrease up to 40%).



Concerning the compressive strength measured on prismatic specimens (Table 4 and Table 5), it is possible to note that by growing the alkali content, the strength increases regardless of age due to the higher pH of activating solution that promotes the dissolution of silica and alumina of GGBFS [26] and the formation of a denser microstructure [31]. In particular, after 28 days, AAS8 reaches a strength class of 20 MPa, AAS12 of 35 MPa and AAS 16 of 40 MPa while PC shows strength close to 48 MPa and BFC is characterized by a compressive strength of 43 MPa. Furthermore, it is evident that the flexural strength and the elastic modulus of elasticity of cement-based mixtures are generally higher than those of AAS mortars, mainly due to the micro-cracks formation related to the high shrinkage of alkali-activated materials [32,33]. The influence of AEA addition on the compressive strength of mortars was evaluated by means of coefficient η at different ages calculated as the ratio between the strength of air-entrained mortar and the mixture manufactured without AEA. Results reported in Figure 3 evidence a delay in the strength development at 24 h (η is in the range 60%–70% for all mixes) while the strength of the air-entrained mixtures at late ages is about 75% for alkali-activated mortars and 85% for cementitious mortars with respect to the mixtures manufactured without AEA.




5.2. Freezing and Thawing Resistance


The visual observation of specimens subjected to freeze and thaw cycles highlights a strong superficial deterioration of AAS8 and AAS8_AE mortars already after 50 cycles while the other alkali-activated mortars (AAS12 and AAS16) and the cement-based mortars (PC and BFC) are characterized by minor damages or appear intact at the end of 150 cycles, regardless of the addition of AEA (Figure 4).



The superficial deterioration of AAS8 is combined with a pronounced mass loss that reaches 2% after 75 cycles and achieves 12% at the end of test that corresponds to a reduction in the specimen size of about 3–4 mm. On the contrary, the mass change after 150 cycles is close to zero for all the other non-admixed samples (Figure 5). The addition of the AEA promotes a strong enhancement in the freezing and thawing resistance of AAS8_AE with a reduction of the mass loss at the end of the freeze/thaw cycles approximately by half. However, the mass loss of this mixture, despite the addition of the AEA, is very high due to its poor mechanical properties.



In Figure 6 is reported the strength loss of mortars over time with respect to specimens cured at 20 °C. Results indicate that PC samples are not affected by compressive strength variation, BFC, AAS12 and AAS16 worsen their mechanical performances by about 25%–30% while alkali-activated mortar AAS8 shows strength loss of 70% after 150 cycles. The mortars manufactured with the addition of AEA show a greater resistance to freezing and thawing cycles, with strength loss strongly reduced respect to the non-admixed mortars. In particular, by the addition of the AEA, the AAS8_AE reduces the compressive strength loss from 67% to 45%, the AAS12_AE from 30% to 22%, the AAS16_AE from 25% to 18% and the BFC_AE from 26% to 14%. No significant variations were detected in Portland cement-based mortars.



Nevertheless, Fu et al. [20] claim that it is improper to set the mass change and the strength loss of alkali-activated materials as index of freeze and thaw destroy, suggesting to evaluate the dynamic modulus of elasticity to estimate the freeze and thaw resistance of AAS.



Experimental results reported in Figure 7 show that with increase of freeze and thaw cycle times, elastic modulus of elasticity of PC decrease extremely slowly (less than 10% after 150 cycles), evidence of excellent durability, while BFC and AAS loose approximately 25–30% of dynamic modulus of elasticity at the end of test. Alkali-activated mortar AAS8 is an exception because it shows an extremely marked stiffness loss (60% after 150 cycles), consistently with the mass change and the strength loss reported in previous figures. The use of AEA determines a reduction of stiffness loss for all mixes up to 50%, in accordance with the other results reported in the paragraph. Moreover, by measuring the dynamic modulus of elasticity it is possible to appreciate the role of the air entraining admixture in the improvement in the freeze/thaw resistance of Portland cement-based mortar, with a reduction in stiffness loss from 7% (PC) to 2.2% (PC_AE).



The different behavior between the non-admixed mortars is primarily attributable to the compactness of matrix. In fact, according to Shahrajabian and Behfarnia [34], low compactness of the mortars promotes the water penetration, freezing and saturation, thereby reducing the durability against freeze and thaw cycles. This is confirmed by optical microscopy observation on AAS8 sample (before the freeze and thaw cycles) that highlights a low-density structure with micro-cracks and air void ranging from 20 and 200 μm (Figure 8).




5.3. Calcium Chloride Resistance


The visual examination was regularly made (every 2 days) to assess the conditions of the specimens. Micro-cracks along the edges and separation of the surface layer from the core of the specimens are the main damages detected on PC mortars (Figure 9). Also, the mass loss and the strength loss are very pronounced (Figure 10 and Figure 11), reaching values close to 2% and 40%, respectively, already after 7 days at 4 °C. On the contrary, BFC and AAS samples appear unaltered without significant mass changes and strength loss lower than 8%.



This behavior could be related to the calcium hydroxide content of alkali-activated mixtures and cement mortars. In fact, the reaction can occur between the calcium hydroxide in the matrix, the calcium chloride in the deicing salt and the water as reported in Equation (1):


3Ca(OH)2 + CaCl2 + 12H2O → CaCl2·3Ca(OH)2·12H2O



(1)







The higher the amount of Ca(OH)2, the greater the calcium oxychloride formation [35]. As well known, in the Portland cement-based mixtures, one of the main hydration products is the calcium hydroxide which is therefore widely available for the reaction with calcium chloride. On the other hand, the pozzolanic reaction involving the blast furnace cements promotes the transformation of calcium hydroxide into calcium silicate hydrate (C-S-H) and calcium aluminate hydrate (C-A-H), severely limiting the oxychloride formation due to the reagent shortage. Previous research by Coffetti [31] and studies of Myers et al. [36,37] highlighted that the calcium hydroxide in the reaction products of AAS produced with high calcium GGBFS are totally missing or very limited. For this reason, the use of alkali-activated slag-based binders instead of Portland cement could strongly enhance the durability of mortars and concretes exposed to calcium chloride-based deicing salts.




5.4. Magnesium Sulphate Attack Resistance


The partial immersion of specimens in magnesium sulphate-rich solution promotes the development of whitish efflorescence combined with an intense deterioration of AAS mortars close to the free surface of solution (Figure 12).



Moreover, the amount of efflorescence is strictly related to the compactness of matrix and is inversely proportional to the alkali content of mortars: the higher the alkali content, the lower the efflorescence volume (Figure 13). On the contrary, PC samples are almost efflorescence-free while BFC specimens are characterized by an efflorescence formation similar to that of AAS16.



The evaluation of compressive strength after the sulphate attack evidences the vulnerability of activated alkali systems. As reported in Figure 14, negligible deterioration (PC, BFC and AAS16 show compressive strength unaltered) or very limited damages (AAS8 and AAS12 reduce their strength of about 5%–10%) were detected in the areas totally immersed in the MgSO4 solution while areas subjected to the efflorescence formation show strength loss that reach values up to 60% for AAS mortars while cement-based mixtures reduce their strength of about 15%–25% after sulphate exposure.



The degradation in these areas could be ascribed to the effect of the sulphate attack (formation of expansive products such as ettringite and gypsum) in combination with the deteriorating effect of the recrystallization of the sulphate salts in the mortar pores as a consequence of the evaporation of the water absorbed by the specimens by capillary. In particular, as reported by Bakharev et al. [15] and Ismail et al. [18], the mechanisms of ettringite and gypsum formation are important in sulphate attack on Portland cement-based mortars while the deterioration of AAS under sulphate attack is associated with decalcification of C-S-H gel, responsible for the precipitation of gypsum and the reduction of the binding capacity of the pastes. Moreover, also the porosity of mortars and the calcium hydroxide (CH) content influence the sulphate resistance of alkali-activated mixtures and cementitious mortars. In fact, high CH contents promote the formation of gypsum as a consequence of reaction with sulphate ions. Blast furnace cements and alkali-activated materials present limited or negligible calcium hydroxide content [17,31] and they are potentially very resistant to sulphates. On the other hand, the lower mechanical strengths of the AAS8 to Portland cement-based mortars are strictly correlated with high porosity of mortars and thus with a high permeability that limited resistance in SO4-rich environments.





6. Conclusions


This experimental study was aimed at evaluating the durability of one-part alkali-activated slag-based mortars in different severe environments in comparison with traditional cementitious mortars. The following conclusions can be drawn:




	
The alkali content plays a crucial role both in elasto-mechanical properties and in durability performances of alkali-activated materials. In general, the higher the alkali content, the higher the strength and the resistance in severe conditions;



	
High-alkali content AAS mortars evidenced a freeze–thaw resistance similar to that of BFC mortars but lower than that of PC—probably due to the different compactness of AAS matrix respect to Portland cement mortars at equal water content. On the contrary, AAS manufactured with low dosages of activators are characterized by a very limited resistance in cold environments;



	
The use of AEA enhances the freezing and thawing resistance of alkali-activated slag-based mortars without any strong reduction in compressive strength;



	
Similarly to BFC, alkali-activated mixtures are quasi-immune to expansive calcium oxychloride formation in presence of CaCl2-based deicing salts due to the negligible calcium hydroxide content;



	
Alkali-activated slag-based mortars suffer from severe damages and high strength loss as a consequence of semi-immersion in 10 wt.% Mg2SO4 solution due to decalcification of C-S-H gel and gypsum formation.
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Figure 1. XRD pattern of GGBFS. 
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Figure 2. Schematic procedure for evaluating the durability of mortars in sulphate-rich aqueous solution. 






Figure 2. Schematic procedure for evaluating the durability of mortars in sulphate-rich aqueous solution.



[image: Sustainability 12 03561 g002]







[image: Sustainability 12 03561 g003 550] 





Figure 3. Ratio η between the compressive strengths of air-entrained mortars and mixtures produced without AEA at different ages. 
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Figure 4. Superficial deterioration of specimens after 150 cycles. 
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Figure 5. Mass loss of mortars as a function of numbers of freezing/thawing cycles. 
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Figure 6. Strength loss of mortars as a function of numbers of freezing/thawing cycles. 
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Figure 7. Elastic modulus loss of mortars as a function of numbers of freezing/thawing cycles. 
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Figure 8. Optical microscopy observation of AAS8 before freeze/thaw cycles. 
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Figure 9. PC specimen after 42 days in CaCl2-rich solution. 
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Figure 10. Mass change of specimens exposed to CaCl2-rich solution. 
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Figure 11. Compressive strength loss of specimens exposed to CaCl2-rich solution. 
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Figure 12. Efflorescence formation after 130 days in sulphate-rich solution. 
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Figure 13. Efflorescence amount after 130 days in sulphate-rich solution. 
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Figure 14. Compressive strength loss after 130 days in sulphate-rich solution. 
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Table 1. Chemical composition and physical properties of binders.
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Component wt.%

	
Spec. Mass [kg/dm3]

	
Spec. Surface [m2/kg]




	

	
CaO

	
Al2O3

	
SiO2

	
Fe2O3

	
SO3

	
TiO2

	
K2O

	
MgO

	
Others






	
PC

	
63.7

	
5.2

	
19.1

	
3.5

	
2.9

	
0.3

	
0.6

	
1.1

	
3.6

	
3.0

	
350




	
BFC

	
47.7

	
6.3

	
32.9

	
2.5

	
3.1

	
1.8

	
0.4

	
4.8

	
0.5

	
3.0

	
410




	
GGBFS

	
45.8

	
10.0

	
32.8

	
1.5

	
0.2

	
2.0

	
0.5

	
6.4

	
0.8

	
3.1

	
345
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Table 2. Physical properties of aggregates.






Table 2. Physical properties of aggregates.





	Aggregate Size [mm]
	Specific Mass [kg/dm3]
	Water Absorption s.s.d. [wt.%]
	Dosage [wt.% vs Total Aggregates]





	0.00/0.25
	2.41
	1.20
	25



	0.25/0.50
	2.70
	0.76
	30



	0.50/1.00
	2.58
	0.77
	25



	1.00/1.50
	2.63
	0.93
	10



	1.50/2.50
	2.62
	1.02
	10
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Table 3. Composition of mortars. PC: Portland cement-based mortars; BFC: Blast furnace cement-based mortars; AAS: Alkali-activated slag-based mortars (the number indicates the activator to slag ratio by mass); AE: mortars containing AEA.






Table 3. Composition of mortars. PC: Portland cement-based mortars; BFC: Blast furnace cement-based mortars; AAS: Alkali-activated slag-based mortars (the number indicates the activator to slag ratio by mass); AE: mortars containing AEA.





	
Composition [g]

	
PC

PC_AE

	
BFC

BFC_AE

	
AAS8

AAS8_AE

	
AAS12

AAS12_AE

	
AAS16

AAS16_AE






	
PC

	
450

	

	

	

	




	
BFC

	

	
450

	

	

	




	
GGBFS

	

	

	
450

	
450

	
450




	
Activators

	

	

	
36

	
54

	
72




	
Aggregates

	
1350

	
1350

	
1350

	
1350

	
1350




	
Water

	
225

	
225

	
225

	
225

	
225




	
Superplasticizer

	
2.25

	
2.25

	

	

	




	
Air entraining agent

	
0

	
0

	
0

	
0

	
0




	
0.140

	
0.125

	
0.225

	
0.200

	
0.160




	
Water/binder

	
0.55

	
0.55

	
0.55

	
0.55

	
0.55




	
Aggregates/binder

	
3.00

	
3.00

	
3.00

	
3.00

	
3.00
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Table 4. Fresh and hardened properties of mortars manufactured without AEA.
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PC

	
BFC

	
AAS8

	
AAS12

	
AAS16






	
Workability [mm]

	
150

	
160

	
165

	
180

	
190




	
Entrapped air [%]

	
5.0

	
5.2

	
4.7

	
4.5

	
4.0




	
Specific mass at fresh state [kg/m3]

	
2140

	
2140

	
2150

	
2150

	
2165




	
Specific mass at hardened state [kg/m3]

	
2110

	
2100

	
2010

	
2090

	
2120




	
Flexural strength [MPa]

	
1 day

	
4.9

	
3.0

	
0.3

	
2.5

	
2.7




	
7 days

	
6.8

	
4.3

	
2.1

	
2.7

	
3.0




	
28 days

	
9.1

	
6.7

	
2.7

	
3.1

	
3.4




	
56 days

	
9.2

	
6.8

	
2.7

	
3.2

	
3.4




	
84 days

	
9.3

	
7.0

	
2.9

	
3.8

	
3.5




	
Compressive strength [MPa]

	
1 day

	
27.8

	
12.4

	
1.1

	
9.4

	
10.9




	
7 days

	
46.5

	
31.5

	
15.4

	
25.5

	
30.2




	
28 days

	
47.7

	
43.1

	
18.1

	
34.0

	
39.1




	
56 days

	
48.1

	
44.2

	
19.0

	
35.0

	
40.2




	
84 days

	
48.3

	
44.7

	
19.4

	
35.8

	
41.3




	
28-day elastic modulus [GPa]

	
32.8

	
30.2

	
20.9

	
24.9

	
27.9
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Table 5. Fresh and hardened properties of mortars manufactured with AEA.
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PC_AE

	
BFC_AE

	
AAS8_AE

	
AAS12_AE

	
AAS16_AE






	
Workability [mm]

	
180

	
185

	
210

	
220

	
220




	
Entrapped air [%]

	
11.0

	
11.0

	
10.5

	
10.0

	
11.0




	
Specific mass at fresh state [kg/m3]

	
2000

	
2010

	
2020

	
2020

	
2010




	
Specific mass at hardened state [kg/m3]

	
1950

	
1950

	
1970

	
1980

	
1980




	
Flexural strength [MPa]

	
1 day

	
3.2

	
1.9

	
0.2

	
1.8

	
1.9




	
7 days

	
5.7

	
3.1

	
1.2

	
2.1

	
2.5




	
28 days

	
7.8

	
5.0

	
1.8

	
2.5

	
2.9




	
56 days

	
8.0

	
5.2

	
2.0

	
2.9

	
3.0




	
84 days

	
8.0

	
5.8

	
2.1

	
3.0

	
3.2




	
Compressive strength [MPa]

	
1 day

	
19.4

	
8.0

	
0.8

	
5.6

	
7.2




	
7 days

	
39.1

	
26.3

	
12.5

	
19.3

	
25.4




	
28 days

	
41.2

	
36.3

	
13.4

	
22.6

	
30.2




	
56 days

	
42.1

	
37.0

	
14.1

	
25.1

	
32.1




	
84 days

	
42.5

	
37.9

	
15.0

	
27.0

	
33.5




	
28-day elastic modulus [GPa]

	
28.1

	
27.0

	
17.9

	
21.6

	
25.9
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