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Abstract

:

Nowadays, getting a more environmentally sustainable cement production is one of the main goals of the cement industry. In this regard, the use of active additions, like fly ash and ground granulated blast-furnace slag, has become very popular. The behaviour, in the short-term, of cement-based materials with those additions is well-known when their hardening is produced under optimum conditions. However, real structures are exposed to different environments during long periods, which could affect the development of microstructures and the service properties of cementitious materials. The objective of this work is to analyse the effects in the long-term (up to 5 years approximately) produced by the exposure to different non-optimum laboratory conditions in the microstructure, mechanical and durability properties of mortars made with slag and fly ash commercial cements. Their performance was compared to that observed for ordinary Portland cement (OPC) mortars. The microstructure has been analysed using mercury intrusion porosimetry. The effective porosity, the capillary suction coefficient, the chloride migration coefficient and mechanical strengths were analysed too. According to the results, mortars prepared using slag and fly ash sustainable commercial cements, exposed to non-optimum conditions, show a good performance after 5-years hardening period, similar or even better than OPC mortars.
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1. Introduction


Nowadays, getting a more environmentally sustainable cement production is one of the main goals of the cement industry. Among the different ways to reach this aim, the use of additions as clinker replacement has lastly become increasingly common [1,2,3,4,5,6], providing benefits such as the lessening of CO2 emissions and the reduction of energy consumption throughout the cement manufacture, as well as the reuse of wastes coming from other industrial sectors, which would also help to solve their storage problem.



The most popular active additions are ground granulated blast-furnace slag and fly ash and consequently their effects on the pore structure and cementitious materials properties have been well-studied, mainly when their hardening was produced in optimum laboratory conditions [7,8,9]. Under those conditions, they showed a better behaviour compared to cement-based materials prepared using ordinary Portland cement (OPC) without any addition [7]. On one hand, for slag this result is related to the hydration reactions of this addition, which form new CSH phases, entailing a more refined pore network [7,8,10]. On the other hand, the fly ash has pozzolanic activity, which means that it reacts with portlandite produced along the clinker hydration, giving rise to the formation of additional hydrated products, thus increasing the refinement of the pore network of mortars and concretes [9,10,11]. The abovementioned pore refinement produced by both additions improves the performance of cementitious materials, for example their chloride ingress resistance [12,13,14,15,16,17] and their permeability [18].



However, real structures are hardened in different environmental temperature and relative humidity conditions than optimum laboratory one and this could affect the development of the pore network and service properties of cementitious materials, especially when active additions are used. In this regard, there are not too many experimental works where slag and fly ash cement-based materials had been hardened under real in-situ environments [12,13,19,20,21,22,23,24,25,26] and considering their results, those materials showed different behaviour as a function of the climate characteristics of the place in which the specimens were located, although the majority of them coincide in the fact that the use of both additions is particularly adequate for marine structures [13,23,27,28].



For studying the effects of the different environmental parameters which are involved in the development of microstructure and properties of cement-based materials, the main problem of exposing the materials to a real in-situ hardening conditions is the higher variability of the environmental temperature and relative humidity (among other parameters) during the exposure period, which make difficult to determine the effects of each one of them, especially when active additions are used. Then, it could also be appropriate to analyse the influence of exposure of those materials to non-optimum laboratory conditions, with a combination of constant temperature and relative humidity, as a complement and a good approach to real in-situ environment studies.



Regarding those non-optimum laboratory hardening conditions, there are several researches where slag and fly ash cementitious materials were kept under different constant temperature and relative humidity [29,30,31,32,33,34,35,36,37] and most of them concluded that overall the performance of those materials was adequate [30,31,33,34,35,38], mainly when the condition presented relatively high values of those environmental parameters [30,31]. Nevertheless, the above-mentioned research has only studied the influence of those parameters over a relatively short time (in general less than 1 exposure year) and their effects would probably be more noticeable after very long exposure times. Furthermore, the analysis of the performance in the very long-term of cementitious materials with fly ash and slag kept under non-optimum laboratory hardening conditions could be also interesting in relation to the fact that the real structures should be designed for long service life periods, generally up to 50 years or even longer [39].



Then, the main purpose of this work is to observe the very long-term effects (until 5 years approximately) produced by the exposure to different non-optimum laboratory conditions, in which different constant relative humidity and temperature values were combined, in the microstructure, mechanical and durability behaviour of mortars prepared with fly ash and ground granulated blast-furnace slag commercial cements. Their performance has been compared to that noted for ordinary Portland cement (OPC) mortars. With respect to the experimental methodology of this research, the microstructure has been characterised through mercury intrusion porosimetry. Moreover, the studied parameters related to durability were the non-steady state chloride migration coefficient, the capillary suction coefficient and the effective porosity. Lastly, the mechanical behaviour of the mortars was checked determining their compressive and flexural strength.




2. Materials and Methods


2.1. Sample Preparation


In this work, mortar samples were tested, which were made using four commercial cements. The first one was an ordinary Portland cement, CEM I 42.5 R (CEM I hereafter) according to the Spanish and European standard UNE-EN 197-1 [40]. The others were sustainable cements. On one hand, a slag cement type III/B 42.5 L/SR [40] (CEM III from now on), with a content of ground granulated blast-furnace slag between 66% and 80% of total binder, was studied. On the other hand, two commercial fly ash cements were also analysed, a Portland cement with fly ash, CEM II/B-V 42.5 R [40] (CEM II hereafter), with fly ash content from 21% to 35% and a pozzolanic cement, CEM IV/B(V) 32.5 N [40] (CEM IV from now on), whose percentage of fly ash was between 36% and 55% of total binder. The different components of each one of the commercial cements and their percentage of the total binder are detailed in Table 1. It is important to emphasize here that the four studied cements were commercial ones, for reproducing more accurately the conditions of in-situ construction, when it commonly is difficult to mix OPC and additions in the field. The mortars were made using water to cement (w:c) ratios 0.4 and 0.5. Fine aggregate was used according to the standard UNE-EN 196-1 [41] and the aggregate-to-cement ratio was 3:1 for all the mortars.



Cylindrical specimens, with dimensions 10 cm diameter and 15 cm height, have been prepared, as well as 4 cm × 4 cm × 16 cm prismatic specimens [41]. After setting, all specimens were kept in a chamber with 20 °C and 95% RH along 24 h. Previously to the exposure to the different environmental conditions, the cylindrical specimens were cut in order to obtain cylinders of 1 cm and 5 cm thickness. Finally, the tests were performed at 28, 365 and 1900 days (5 years approximately) of age.




2.2. Environmental Conditions


As it has been explained in the introduction section, the main objective of this work is to analyse the very long-term effects (up to about 5 years) in different types of sustainable cement mortars, produced by the exposure to different non-optimum laboratory conditions, in which temperature and relative humidity values were combined.



In order to reach this aim, four different laboratory environments were analysed (see Table 2). The first one (environment A) consisted of an optimum laboratory condition with 20 °C and 100% relative humidity (RH), which was considered as a reference for comparing the effects of the rest of non-optimum environments in the pore structure and properties of the mortars. The environments B (15 °C and 85% RH) and C (20 °C and 65% RH) represented the Atlantic and Mediterranean climates. Those climates are present in different areas of Iberian Peninsula (Spain and Portugal) and their RH and temperature values were selected according to the annual average values of both parameters for each climate. Lastly, an extreme environmental condition was analysed, named as environment D, with 30 °C and 40% RH.



The climatic conditions corresponding to environments A to D were achieved putting the mortar specimens into hermetically sealed recipients containing distilled water or glycerol aqueous solutions of the appropriate concentration, following the standard DIN 50,008 part 1 [42], to get the desired RH value. The contact between the mortar samples and the liquid was avoided. Then, the containers were stored in chambers of controlled temperature.




2.3. Mercury Intrusion Porosimetry


The mortars pore network has been analysed with mercury intrusion porosimetry technique. The equipment used was a porosimeter model Autopore IV 9500 from Micromeritics, which allows a maximum pressure of 225 MPa. Prior to the experiment, samples were dried in an oven throughout 24 h at 105 °C. Two measurements were performed at all testing ages. The tested samples were taken from cylinders with 1-cm thickness. Pore size distribution, total porosity and percentage of Hg retained at the end of the experiment were studied.




2.4. Capillary Absorption Test


This test was performed in accordance with the standard UNE 83982 [43] and it is based on the Fagerlund method for obtaining the concrete capillarity. Before the test, the specimens were subjected to a pre-conditioning procedure, which firstly consisted of a complete drying in oven at 105 °C for 12 h. After that and up to starting the test (minimum 12 h), the specimens were maintained in a hermetic desiccator containing silica gel [14,44,45]. This pre-conditioning procedure was used, instead of other recommended protocols [46], in order to avoid too long pre-conditioning periods and the eventual need of contact of some of the mortar samples with liquid water. The results of this test are the effective porosity and the capillary suction coefficient. For each environment and cement type, three cylindrical specimens of 10 cm diameter and 5 cm thickness were tested at each age.




2.5. Forced Migration Test


Water-saturated mortar samples were tested according to NT Build 492 standard [47]. The obtained result of this test was the non-steady-state chloride migration coefficient DNTB. For each condition and cement type, three 10 cm diameter and 5 cm height cylindrical specimens were tested at each studied age.




2.6. Mechanical Strength Test


Both compressive and flexural strengths were determined in accordance with the standard UNE-EN 196-1 [41]. Three 4 cm × 4 cm × 16 cm prismatic specimens were tested for each cement type and environment at the studied hardening ages.





3. Results and Discussion


3.1. Mercury Intrusion Porosimetry


The total porosity results obtained for the analysed mortars are shown in Figure 1. For environment A, generally this parameter decreased with time for all of them. This result could be related to the high relative humidity (100%) combined with a high enough temperature (20 °C) of this optimum environment, which allows an adequate development of clinker and slag hydration [30,44] and fly ash pozzolanic reactions [44,48], whose products would entail a rise of samples solid fraction and consequently a porosity reduction. The lowest total porosities for environment A corresponded to CEM III mortars, while this parameter was very similar for CEM I and II mortars and a little higher for CEM IV ones, which would be in keeping with other authors [7]. In relation to environment B, after approximately 5-years period, the values of total porosity were slightly higher compared to those observed for environment A for each cement type, although in general terms there was not so much total porosity difference between both conditions. However, the reduction rate with time of this parameter was lower for mortars exposed to environment B. The slightly higher total porosities and their slower decrease observed for environment B could be due to its lower temperature (15 °C), which would slow down the development of clinker and slag hydration [29,30], as well as the fly ash pozzolanic reactions [36,49], producing a slower formation of new solid phases. Furthermore, the lower relative humidity (85%) of this environment B in comparison with environment A would entail that less water would be available in the long-term to carry on the development of abovementioned reactions, which would hinder them [44], as suggested that total porosity kept practically constant at very high ages, especially for CEM I and III mortars. Despite that, the slag and fly ash cement mortars again showed lower or similar total porosities compared to CEM I ones after more than 5-years exposure to condition B.



The total porosity values for mortars kept in the environment C hardly changed during the studied period, except for CEM II and III specimens prepared with w:c ratio 0.5, for which this parameter notably decreased with time. The fact that this parameter showed slight modifications could be related to the low environmental relative humidity (65%), although it is combined with an optimum temperature (20 °C). This optimum temperature would permit a suitable development of hydration and pozzolanic reactions [30,36] but the relatively low environmental relative humidity would make it difficult [44,48,50], causing a smaller new solid phases formation. Once again, the mortars prepared using sustainable cements with slag and fly ash hardened in the environment C, also showed lower or similar total porosities in the very long-term compared to CEM I mortars. Regarding environment D, the total porosity increased with hardening age for many of the studied samples and it slightly changed for the rest. This behaviour could be explained as a consequence of the extreme conditions of this environment, with a high temperature (30 °C) and very low relative humidity (40%). On one hand, the high temperature would accelerate the development of hydration and pozzolanic reactions [35,36,49], entailing a fast formation of solids in the short-term, as would corroborate the relatively low total porosities noted at 28 days. Nevertheless, the very low relative humidity would not permit the further progression of this process [30,31,33]. Moreover, this dryness of the environment could produce the appearance of shrinkage microcracking in the samples [51], which could justify the rise of the total porosity in the long-term, which has been noted in many studied mortars. In spite of that, after about 5-year exposure period, the CEM II and III mortars exposed to environment D showed lower or similar total porosities compared to those prepared using CEM I. On the other hand, the greatest values of this parameter in the long-term were observed for CEM IV mortars, which could mean that the porosity of this cement type would be more affected by the extreme conditions of environment D than the others analysed, probably by the more severe effects of the previously explained shrinkage microcracking phenomenon.



The pore size distributions obtained for specimens kept in environment A can be observed in Figure 2. Overall, it has been noted a progressive pore refinement with age for all the studied mortars. This result agrees with the total porosity results already discussed. The high water availability in this environment, combined with a high enough temperature, would facilitate the development of clinker and slag hydration, as well as the fly ash pozzolanic reactions, producing a fast new solid formation, which would reduce the size of the pores of the sample [30,44,48]. In addition to this, it is important to indicate that mortars with fly ash and slag showed a more refined microstructure than CEM I ones. This could be due to the formation of additional CSH phases as products of slag hydration and fly ash pozzolanic reactions [7,8,9].



The changes with time of pore size distribution for mortars kept under environment B are depicted in Figure 3. As happened in environment A, a continuous pore network refinement with hardening age has also been observed for environment B. Nevertheless, this microstructure refinement was produced in a slower way in this environment and in general terms, for all studied cement types the pore network was less refined at 1900 days compared to environment A. This result would be in keeping with those noted for total porosity and it would confirm the slowing down of hydration and pozzolanic reactions [29,30,36,49] in an environment with a temperature lower than the optimum one. In spite of that, the relatively high relative humidity would allow that these reactions continued developing [33,44], as would suggest the ongoing increase of volume of smaller pores, although without reaching the refinement degree observed for environment A.



The development of pore size distributions for samples hardened in environment C can be observed in Figure 4. Generally, the microstructure of the samples kept under this environment was less refined than that obtained for environment A. Furthermore, at 365 days the pore size distributions of the majority of the mortars noted for environment C, were similar to those observed for environment B. However, between 365 and 1900 days, most of the samples hardened under environment C did not experience a rise of volume of fine pores (sizes less than 100 nm) and even many of them showed a loss of microstructure refinement. This would reveal the fact that an optimum temperature would favour the development of hydration and pozzolanic reactions [30,35,49] but a relative low relative humidity in the environment would prevent them in the long-term, reducing the formation of new solids [31,44] and consequently avoiding the pore refinement process.



Regarding the pore sizes distributions for mortars hardened in environment D, they are depicted in Figure 5. At 28 days, they did not differ too much compared to those observed for the rest of non-optimum conditions. In spite of that, since then until 1900 days, the majority of the mortars showed a progressive reduction of microstructure refinement, as suggested the increase of pores volume with sizes greater than 100 nm, with the exception of CEM III mortars, which were hardly affected by this extreme condition. The microstructure evolution of samples exposed to environment D generally coincided with total porosity results. The pore size distributions noted in the very-short term in environment D could be a result of its high temperature, which would accelerate the solid fraction formation by the hydration and pozzolanic reactions [30,33,35,36], increasing the volume of finer pores. Nevertheless, in the middle- and long-term the lack of enough water in the environment would prevent that this process continues [31,44]. In addition to this, as has already been explained, the very low environmental relative humidity could produce the appearance of shrinkage cracking [31,51], which would open the pore network, reducing its refinement, as has been registered for several of the studied samples.



The results of percentages of Hg retained in the samples at the end of the experiment are shown in Figure 6. This parameter gives information about the pore structure tortuosity [52]. Overall, the highest Hg retained values were observed for mortars hardened in environment A, which would mean that the microstructure of these samples had a higher tortuosity. This agree with the pore size distribution results obtained for this environment, which revealed a greater pore network refinement, favoured by its optimum temperature and relative humidity. In relation to environment B, the Hg retained values were similar to those noted for environment A or even slightly lower in the very long-term, which would also be in keeping with other mercury intrusion porosimetry results, previously explained. For environment C, the Hg retained also showed similar or higher values compared to those observed for environment B in the middle-term, which would indicate that the samples pore network had a similar tortuosity. However, at 1900 days this parameter was lower for mortars hardened in environment C, especially for those prepared with w:c ratio 0.4. These results would be coinciding with the loss of pore refinement in the very long-term observed for these samples, which was already discussed in relation to the relative low humidity present in this environment. Finally, in spite of its relative high values at 28 days, the Hg retained decreased or kept constant with time for the studied mortars kept in environment D. This could mean that no increase or even a fall of pore network tortuosity was produced, which would again agree with the loss of microstructure refinement observed for most of the mortars kept under this environment. This result could be related to the formation of shrinkage microcracks due to its very low humidity [51], which would open the microstructure and would reduce its tortuosity. For all the environments, the higher Hg retained values corresponded to CEM III mortars, which would agree with their most refined pore network and would reveal the beneficial effects of slag hydration in the pore network development of cementitious materials [7,8,12], even in the very long-term.




3.2. Capillary Absorption Results


The results of the capillary suction coefficient K can be observed in Figure 7. Overall, there were no high differences of the coefficient K between the studied environments. For environments A and B, its values were higher for CEM II and IV and it showed a global decreasing tendency with age, mainly in the middle-term, for all the studied mortars. This result could be related to the high humidity present in both environments, which would favour the pozzolanic and hydration reactions development [30,44], as has been explained for microstructure results. The coefficient K increased over 365 days for most of the studied mortars that were hardened in environment C, and for the majority of those exposed to environment D, the rise of this parameter started earlier (at 28 days). This also agree with mercury intrusion porosimetry results, which would indicate the deleterious effect in the very-long term as a consequence of the low availability of water in the environment, hindering the hydration and pozzolanic reactions [31,44] and causing the possible formation of shrinkage microcracks [51]. Lastly, it is important to indicate that for environments C and D, the mortars prepared using sustainable cements with slag and fly ash generally showed similar or lower values of coefficient K in the very long-term compared to CEM I ones.



The effective porosity results are depicted in Figure 8. They showed similarities with those observed for coefficient K. The lower effective porosities were noted for condition A, especially for CEM I and III mortars, which would coincide with the majority of results of this work, showing the influence of a condition with an optimum relative humidity [30,44,48]. The results of effective porosity noted for environment B did not differ too much compared to environment A, probably due to its relative high humidity [44], as has been already explained. For both environments A and B, the effective porosity showed greater values for CEM II and IV mortars than for CEM I and III ones. In relation to environment C, the very long-term effective porosities were similar to those obtained for environment B, especially for fly ash mortars, while they were slightly higher for CEM I and III ones. The greatest values of effective porosity at longer ages corresponded to environment D and they increased with time. This is also in keeping with mercury intrusion porosimetry results and it would indicate the negative effect in the long-term caused by an environment with very low relative humidity [31,33,51], previously discussed. Finally, for environments C and D, the effective porosity at greater ages for mortars with active additions was not too much different than that noted for CEM I ones.




3.3. Forced Chloride Migration Results


The non-steady-state chloride migration coefficient DNTB results are represented in Figure 9. Generally, the migration coefficients showed by mortars with additions were lower for all studied conditions in comparison with those noted for CEM I mortars. This would agree with several studies [12,15,23,24], which have pointed out that using slag and fly ash cements brings a noticeable improvement in chloride ingress resistance. Firstly, this could be explained in relation to the higher refinement of pore network provided by fly ash and slag in comparison with pure clinker [7,8,9,14,15]. On the other hand, this good resistance of fly ash and slag mortars to chloride ingress since very early ages and its maintenance when the hardening was produced under non-optimum environments, which produced a lower microstructure refinement in the long-term compared to an optimum condition, could also be justified as a consequence of the higher chloride binding capacity of slag and fly ash cements, compared to OPC. The high content of calcium aluminates provided by fly ash and slag explains this improved binding capacity [10].



Regarding the influence of the environmental conditions, it is important to emphasize the increase with time of the migration coefficient for CEM I mortars exposed to environments C and D. This rise was also observed for CEM II specimens but only hardened in environment D. Both environments had a relatively low relative humidity, so it seems that this circumstance would have deleterious effects in the resistance against chloride ingress of both mortar types, especially for CEM I ones, possibly related to the abovementioned shrinkage microcracks formation combined with a less refined microstructure [50,51].




3.4. Mechanical Strength Results


The results of compressive and flexural strengths obtained for the studied mortars are depicted in Figure 10 and Figure 11, respectively. First of all, it is important to emphasize that after more than 5-years exposure period, the mortars made with fly ash and slag cements generally showed similar or higher compressive and flexural strengths compared to CEM I ones. This would agree with several studies [9,12,53], which have pointed out that slag and fly ash cements provide an important increase of mechanical strength in the long-term.



With respect to the influence of hardening conditions, the compressive and flexural strengths results at greater ages did not differ too much between the analysed environments. Only, a slightly higher strengths were observed for environment A and scarcely lower for environment D, which would suggest the influence of the water availability in the environment [51], as has been previously explained. Despite that, it seems that the environmental temperature and relative humidity would not have a high influence in the mechanical performance of the studied mortars. Finally, the very low compressive and flexural strengths obtained for CEM I mortars prepared using w:c ratio 0.4 may be influenced by the compaction problems noted during the setting of prismatic samples of those mortars, which showed very low fluidity. In spite of that, no plasticiser was included in the mix, for keeping the same mixing conditions for all the analysed mortars. This problem was not observed for fly ash and slag cement mortars made with the same w:c ratio.



The present results give further evidence that it is possible to use cementitious materials for concrete elements and structures with a high level of replacement of Portland cement clinker by active additions, such are fly ash and ground granulated blast furnace slag [54]. In this study commercial cements containing the active additions have been used, since the structural concrete codes of certain countries restrict the possibility to incorporate some active additions when mixing the concrete and/or limit the replacement level of clinker by these materials [55]. These more sustainable binders can be used without reductions of the mechanical strength, at least in the long term and sometimes with improvements of the durability properties of the hardened cementitious materials, in agreement with previous results [54]. In this work, the focus has been put on studying the influence of the climatic conditions (mild Mediterranean and Atlantic climates) on the development of mechanical strength and on properties related with the durability of reinforced concrete elements exposed to a marine environment, where the corrosion of steel reinforcement is triggered by chloride ions which mainly penetrate the concrete cover on steel through capillary absorption or diffusion mechanisms. Nevertheless, when going to engineering design practice caution must be taken to fully consider all the degradation mechanisms and all the performance requirements of the construction under study [56]. For instance, it has been demonstrated that concrete with high levels of supplementary cementitious materials, like fly ash and slag, may not be suitable for exposure to a marine environment with multiple cycles of freezing and thawing, since these materials may suffer increased surface material loss in the long term [56].





4. Conclusions


The main conclusions that can be drawn from the results previously discussed can be summarized as follows:




	(1)

	
An environment with high relative humidity would produce a more refined microstructure and would improve the mechanical performance and the durability-related properties of fly ash, slag and OPC mortars in the very long-term (5-years period approximately).




	(2)

	
The environmental temperature has an influence in the development of pore structure and service properties of fly ash, slag and OPC mortars. A high temperature would accelerate the pore network refinement and the improvement of properties in the short-term, while a lower environmental temperature would slow down them. This is due to the effects of the temperature in the progress of clinker and slag hydration and fly ash pozzolanic reactions.




	(3)

	
A low environmental relative humidity would entail a reduction of pore network refinement in the very long-term for all the studied mortars.




	(4)

	
Generally, the pore structure of fly ash and slag cement mortars was more refined for all the analysed environments than that observed for CEM I ones. This may be due to the additional solid phases formed as products of fly ash pozzolanic reactions, as well as slag hydration.




	(5)

	
The effective porosity and the capillary suction coefficient for all the studied mortars in the very long-term were hardly influenced by the environmental conditions.




	(6)

	
The mortars prepared using sustainable cements with slag and fly ash generally showed in the very long-term similar or lower values of both effective porosity and capillary suction coefficient, as compared to OPC mortars, when they are exposed to low relative humidity environments.




	(7)

	
The lowest non-steady state chloride migration coefficients were observed for the mortars made with fly ash and slag cements, regardless of the environmental condition. This may be related to the pore structure refinement provided by fly ash and slag compared to clinker and by the greater binding capacity of cements with those additions.




	(8)

	
The CEM I mortars exposed to the environments with 40% and 65% relative humidity showed an important increase of the non-steady state chloride migration coefficient in the long-term. This was also noted for CEM II mortars but only for 40% relative humidity condition. Then, it seems that an environment with low relative humidity would have deleterious effects in the long-term resistance against chloride ingress of mortars in which the abovementioned cement types were used.




	(9)

	
After a 5-years exposure period, the mortars prepared using sustainable slag and fly ash cements overall showed similar or higher compressive and flexural strengths compared to CEM I ones.




	(10)

	
The mechanical strengths of all the studied mortars in the very long-term were slightly affected by the environmental conditions.




	(11)

	
In view of the results obtained, mortars made with sustainable commercial cements with ground granulated blast-furnace slag and fly ash, exposed to non-optimum environments, show a good performance in the very long-term (after a 5-years hardening period) with respect to their microstructure, mechanical and durability-related properties, being similar or even better compared to OPC mortars.
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Figure 1. Results of total porosity for the studied mortars. 
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Figure 2. Pore size distributions obtained for environment A. 
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Figure 3. Pore size distributions obtained for environment B. 
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Figure 4. Pore size distributions obtained for environment C. 
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Figure 5. Pore size distributions obtained for environment D. 
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Figure 6. Results of mercury retained at the end of MIP tests for the studied mortars. 
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Figure 7. Results of capillary suction coefficient (K) for the studied mortars. 
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Figure 8. Effective porosity results for the studied mortars. 
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Figure 9. Non-steady-state chloride migration coefficient evolution for the studied mortars. 
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Figure 10. Results of compressive strength for the studied mortars. 
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Figure 11. Results of flexural strength for the studied mortars. 
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Table 1. Components of the commercial cements used.
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Component

	
CEM I

	
CEM II

	
CEM III

	
CEM IV




	
UNE-EN 197-1 [40]

	
Manufacturer Data 1

	
UNE-EN 197-1 [40]

	
Manufacturer Data 1

	
UNE-EN 197-1 [40]

	
Manufacturer Data 1

	
UNE-EN 197-1 [40]

	
Manufacturer Data 1






	
Portland cement clinker

	
95–100%

	
95%

	
65–79%

	
75%

	
20–34%

	
31%

	
45–64%

	
50%




	
Limestone

	
-

	
5%

	
-

	
-

	
-

	
-

	
-

	
-




	
Blast-furnace slag

	
-

	
-

	
-

	
-

	
66–80%

	
69%

	
-

	
-




	
Fly ash

	
-

	
-

	
21–35%

	
25%

	
-

	
-

	
36–55%

	
50%








1 Specific percentage of each component usually used according to the manufacturer.
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Table 2. Overview of studied environments.






Table 2. Overview of studied environments.





	Environment
	Temperature
	Relative Humidity
	Represented Climate





	Environment A
	20 °C
	100%
	Optimum condition



	Environment B
	15 °C
	85%
	Atlantic climate



	Environment C
	20 °C
	65%
	Mediterranean climate



	Environment D
	30 °C
	40%
	Extreme condition











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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