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Abstract

:

This research work focuses on the study of the durability of composite cements based on coal bottom ash powder produced by SONICHAR in Niger. After a physicochemical and environmental characterization of the coal bottom ash powder, mortar test specimens were made. In these specimens, 10%, 15% and 20% of cement were replaced by identical mass percentages of coal bottom ash powder. Durability studies focused on the determination of the chloride ions apparent diffusion coefficient, the measurement of the depth of carbonation and the accelerated ammonium nitrate leaching. The influence of carbonation and leaching were examined using the following parameters: pore distribution, gas permeability, porosity accessible to water, capillary absorption and electrical resistivity. The results show that the incorporation of coal bottom ash powder into CEM I leads to an increase in the depth of carbonation. This increase is more significant when the substitution rate exceeds 10%. In the leaching test, the partial substitution of coal bottom ash powder in CEM I up to 20% does not significantly affect the durability parameters of the composites compared to the control mortar. Diffusion test shows that for mortars containing less than 15% substitution, there is no significant influence on the chloride diffusion coefficient. A slight decrease is observed for mortar containing 20% substitution.
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1. Introduction


On the one hand, Portland Artificial Cement (CEM I) has for many years been the most widely used building material in the world. Its production is very energy-intensive and emits a significant amount of carbon dioxide (CO2). Indeed, CO2 emissions from the cement industry have been estimated to account for nearly 5–7% of global emissions, with 0.9 tons of CO2 emitted into the atmosphere to produce one ton of cement [1].



On the other hand, the vast majority of developing countries and in particular those in sub-Saharan Africa show the highest demographic trends. Consequently, there is a great need for housing and construction, which encourages the establishment of new cement plants in Africa. Burkina Faso has seen the creation of three (03) new cement plants on its territory in the year 2015 alone.



It is in this context that we look at the study of the use of an industrial byproduct, with pozzolanic characteristics, in the production of cement. It is coal bottom ash, which is a residue of coal combustion from the Société Nigérienne de Charbon (SONICHAR). In fact, SONICHAR, through its energy production activity based on coal extracted in TEFEREYE, rejects in nature more than 150,000 tons of coal bottom ash every year and is nowadays invaded by more than six (06) million tons of coal bottom ash.



One of the solutions to reduce the negative impact of the cement industry on the environment is indeed to partially substitute clinker in Portland cement with pozzolanic materials to produce eco-cement. These pozzolanic materials are either natural materials such as natural pozzolan [2], heat-treated materials such as metakaolin [3] or industrial byproducts such as silica fume and fly ash [4,5] and coal bottom ash [6,7].



However, the first studies on mineral additions in Portland cement focused on the pozzolanic effect [6], the optimization of the substitution rate [7,8] and the impact of mineral additions on the physicomechanical properties of fresh and hardened concrete [9,10]. An analysis of the reactivity of Tefereyre’s coal bottom ash powder showed that it has a slow reactivity that only starts after 14 days of curing [11] and similar observations have been made by Cheriaf et al. [6]. This low reactivity leads to a drop in the compressive strength of the mortars at 28 days of curing with an optimal substitution rate of 15% [12]. However, after 90 days of curing, mortars containing bottom ash powder practically show the same strength as a control mortar containing 0% bottom ash powder [11].



In recent studies, efforts are increasingly focused on durability [13]. The latter is very important because previous work has shown a dependency of durability properties on the mineralogical composition of binders and environmental conditions. Moreover, the slow reactivity of bottom ash powder could influence the microstructure of the mortars and therefore affect their durability.



Thus, the main objective of this work is to study the resistance of mortars, containing coal bottom ash powder as a partial mass substitute to cement, in aggressive environments compared to a control mortar without addition. More specifically, it consists in analyzing the evolution of the durability factors of these mortars after tests of carbonation, ammonium nitrate leaching and diffusion of chloride ions.



Carbonation of cementitious materials results in a decrease in pore volume due to the fact that the carbonation products of portlandite (calcite, aragonite, vaterite) have larger molar volumes than portlandite [14,15,16]. However, this decrease in pore volume does not affect all pore types. It appears from the literature [17,18,19] that carbonation leads to a decrease in the volume of micropores but causes the appearance of macroporosity. With regard to pozzolanic additions, studies have shown that they lead to materials with a low portlandite content and that, as a result, a smaller amount of CO2 is sufficient to consume the entire portlandite and cause a significant drop in pH [20]. This induces greater carbonation depths than in the case of CEM I [21,22].



According to the literature, the addition of pozzolanic additions as partial substitutes for cement increases leaching depth [23] because of the low rate of portlandite that is consumed by the pozzolanic reaction.



For the diffusion of chloride ions, the literature shows that cementitious materials containing mineral additions have at long-term a lower chloride ion penetration rates than those of CEM I-based materials [24,25,26].



In this experimental study, the influence of carbonation and accelerated ammonium nitrate leaching on the physical parameters of mortars containing 10%, 15% and 20% of coal bottom ash powder as a substitute for CEM I is investigated. This study compared to a control mortar containing 100% of CEM I focuses on poral distribution, gas permeability, water accessible porosity, capillary absorption and electrical resistivity. In addition, the evolution of the apparent diffusion of chloride ions with the rate of bottom ash powder compared to the control mortar is analyzed.




2. Materials and Methods


2.1. Mixtures Proportion


The cement used for this study is a CIMTOGO CEM I 42.5 according to EN 197-1, whose granular distribution is given in Figure 1. Its physical characteristics are summarized in Table 1. Its setting time is about 170 min.



The coal bottom ash comes from the combustion of a coal mined at Tefereyre in Niger. It is presented in granular form with a grain size corresponding to sandy gravel with grain diameters between 20 mm and 75 µm. In order to use it as a mineral addition, the Tefereyre coal bottom ash is ground with a ball mill in order to obtain the 80 micron sieve pass.



A laser particle size analysis of the powder obtained gives the particle size distribution shown in Figure 1. It can be noted that the bottom ash powder has a coarser particle size than Portland cement Table 1. The bottom ash powder used has a specific gravity of 2.31 t/m3 and a bulk density of 0.77 t/m3. The BET and Blaine specific surfaces obtained are 3.67 m2/g and 4109 cm2/g, respectively. These high values compared to those of cement which are 1.47 m2/g and 3565 cm2/g are due to the presence of intragranular porosity at the bottom ash powder as shown in the SEM image in Figure 2.



The determination of the mineralogical composition shows that Tefereyre’s bottom ash is composed of more than 79% of silica, alumina and iron oxide. This composition shows that Tefereyre coal bottom ash corresponds to a type F fly ash according to ASTM C 618 [27]. The diffractogram in Figure 3 shows the presence of quartz minerals, mullite and hematite in the coal bottom ash and a halo centered around 2 theta equal to 25° indicating the presence of an amorphous phase.



An environmental study carried out shows that the use of bottom ash does not represent a danger according to the Landfill Directive [28], from the point of view of the release of heavy metals into the environment.



The sand used is locally available natural sand. A particle size analysis carried out on the sand shows that it has a spread grain size because its uniformity coefficient Cu = 3 > 2 but that it is a poorly graded sand with a curvature coefficient Cc = 0.9. The sand equivalent [29] shows that the sand used is a clean sand with a low percentage of fine clayey materials, good for high quality concrete, as it gives a sight sand equivalent (SSE) of 81.12 and a piston sand equivalent (PSE) of 74.49. Its bulk density is 1.53 t/m3, its specific density is 2.67 t/m3 and its fineness modulus is 2.90.




2.2. Mixtures Proportion


In this study, the various tests are carried out on cement mortars manufactured according to EN 196-1 [30]. Four formulations were studied: a control formulation based on CEM I and three study formulations prepared by carrying out a partial mass substitution of the cement by Tefereyre coal bottom ash powder. The three substitution rates studied are 10%, 15% and 20%. The mortar is made according to the mass ratios of a conventional normal mortar (sand/binder = 3, water/binder = 0.5). A superplasticizer is used at an admixture/binder ratio = 0.02 to solve the consistency problem observed with the addition of bottom ash powder in order to facilitate mortar placement. The compositions of the different formulations are shown in Table 2.



Cylindrical specimens of diameter Φ 40 mm and height H 60 mm are then made and removed from the mould 24 h later to be stored in water saturated with lime until the day of the test in a room with a temperature of 20 °C ± 2 and a relative humidity of 50% ± 5.




2.3. Test Procedures


2.3.1. Durability Parameters


The durability parameters measured in this study are pore distribution, gas permeability, water accessible porosity, capillary absorption and electrical resistivity. The measurements are made after 90 days of mortar curing to take into account the slow reactivity of the bottom ash powder. These tests were repeated after carbonation and leaching of the mortar specimens. For each parameter, the tests are carried out on three samples of each mixture. Thus, the results presented are the average of the three measured values.



The porous distribution was determined on mortar powder with a grain size of less than 100 µm. The calculation of the pore distribution in the mortar is carried out according to the BJH method [31] which estimates the size distribution of mesopores with a radius of 2–50 nm. For the nitrogen gas sorption isotherm, we used a Gemini VII 2390 isothermal analyzer. The porous distribution is calculated automatically by the program included in the analyzer.



Gas permeability is measured using a constant load permeameter and helium is used as the percolation fluid. For each sample, four (04) pressures (0.2, 0.3, 0.4 and 0.6 MPa) were carried out in order to identify intrinsic permeability using the Klinkenberg approach. The principle consists of maintaining a constant gas pressure difference between the two ends of the sample studied and measuring the resulting flow rate when steady state is established. At each maturity, the specimens are dried in an oven at 105 °C to constant mass and then cooled in a desiccator where they are stored before the measurements are started.



The porosity accessible to water displays the communicating porosity or open porosity of the material accessible to water. In this study, the test is carried out according to the AFPC-AFREM procedure [32].



Capillary absorption measures the rate of water absorption by capillary suctions from dried mortar specimens brought into contact with water without hydraulic pressure. The test is also carried out according to the AFPC-AFREM procedure [32].



Electrical resistivity is defined as the ability of a medium to oppose the passage of electricity and it is calculated according to Ohm’s law. In this study, resistivity measurements are carried out on fully saturated mortar specimens. The test consists of placing the saturated specimens between two electrodes (connected to a voltmeter and an ammeter) and allowing the current to flow.



The diffusion of chloride ions is carried out on specimens which are first saturated under vacuum using a 0.1M NaOH solution for 24 h. After saturation, the lateral surface and one of the basal surfaces are sealed with a silicone sealant. The other basal surface kept free will be in contact with the corrosive solution.



After this preparation, the specimens are partially immersed at a height of 20 mm in a solution of 0.51M NaCl and 0.1M NaOH. After 60 days, the specimens are removed from the basin and freed of the silicone layer. They are split, and on the sides obtained, the depth of penetration of the chloride ions is determined by spraying a 0.1M silver nitrate (AgNO3) solution. From the values of the depth of penetration of the ions, the apparent diffusion coefficient can be calculated according to the formula proposed by V. Baroghel-Bouny et al. [33]:


   D  ns   dif     =    X d 2    4 t    



(1)




where Dns(dif) is the apparent diffusion coefficient of the chloride ions in the saturated condition (m2/s), xd is the depth of penetration of the chloride ions (m) and t is the immersion time of the specimens in the solution (s).




2.3.2. Cement Material Degradation Phenomena


The study consisted of carbonation and leaching tests on 90-day-old specimens for 28 days. At the end of this period, the carbonated and leached specimens were first tested for gas permeability, water-accessible porosity, capillary absorption coefficient and electrical resistivity. The results obtained are compared with those obtained in the healthy state of the specimens before degradation.



They are then split to determine the depth of carbonation and leaching using the phenolphthalein test.



Finally, the porous distribution of the degraded zone is measured.



	
Carbonation






The carbonation test is carried out on samples dried at 105 °C to constant mass, then kept in a climatic chamber for 7 days at 20 °C, 65% relative humidity to homogenize the internal humidity. At the end of these 7 days, the two basal surfaces of the specimens are protected with silicone so as to favour the lateral diffusion of CO2 within the sample. The specimens prepared in this way are then kept for 28 days in a chamber whose temperature, relative humidity and CO2 content are regulated at 20 °C, 65% RH and 20% CO2, respectively.



	
Ammonium nitrate leaching






For this test, 90-day-old mortar specimens are immersed for 28 days in a 480 g/L (6M) ammonium nitrate solution.



A sufficiently large volume of solution is prepared to ensure that the choice of nonrenewal during the test is valid. At the start of the test, the pH of the solution is of the order of 5.8, but it increases and stabilizes rapidly around 7. The volume (Vs) of the solution is calculated on the basis of the cement content in the material, the calcium content in the cement and the volume of material to be degraded [34].


   V s    =   0.048    C γ V   d   



(2)




with C the cement content in the mixture (kg/m3), γ the CaO content (%) in the cement and Vd the volume of material to be degraded (m3).



After 28 days, the specimens are removed from the solution and rinsed by immersion for more than two days in pure water (pure water is changed three times during this period).






3. Results and Discussion


3.1. Carbonation


3.1.1. Carbonation Depth


The values of the carbonation depth are given in Figure 4. It can be seen that the carbonation depth increases with the evolution of the rate of bottom ash powder in the cement so that the M20 mortar has completely carbonated. The results show a slight increase in gas permeability with the addition of bottom ash powder and this may be one of the causes of the high carbonation of these mortars. In addition, similar results observed in the literature with other pozzolanic additions are explained by the authors by the low portlandite content in these mortars [21,22]. Thus, the use of coal bottom ash powder at a rate of more than 10% could compromise the durability of reinforced concrete structures.




3.1.2. Poral Distribution by Nitrogen Adsorption Desorption


An evaluation of the pore distribution of the carbonate part of mortars compared to the healthy state is given in Figure 5a,b. In a healthy state, it can be seen that mortars containing bottom ash powder have almost the same volumes of micropores and mesopores as the control mortar. This is due to the fact that the bottom ash powder has a slow pozzolanic reactivity.



There is a decrease in the volume of micropores (radius < 2 nm) and mesopores (radius 2 to 50 nm) compared to the healthy state. This result is consistent with other findings in the scientific literature that indicate a reduction in porosity by progressive pore sealing through the formation of CaCO3 [35]. The volume of micropores is significantly higher in mortars based on bottom ash powder than in the control mortar. Since these mortars contain less portlandite, the C-S-H had to carbonate and give porous silica gels [36]. The M15 mortar having the best mechanical resistance [12] would present more carbonated C-S-H than the M10 and M20 mortars.



The means radius of the mesopores increases after the carbonation of mortars as shown in Table 3. Most authors attribute this increase in mesopore radius to the carbonation shrinkage phenomenon [17,18,19]. Others explain it by the porous structure of silica gels formed during carbonation [36].



The reduction in the volume of micropores and mesopores is more pronounced for the control mortar compared to the mortar containing coal bottom ash powder. For micropores, the reduction is 73%, 61%, 40% and 47% respectively for M0, M10, M15 and M20. For mesopores it is 28%, 14%, 16% and 26% for M0, M10, M15 and M20, respectively. This can be explained by the fact that the control mortar contains more portlandite and therefore more carbonatable hydrates than bottom ash powder mortars.




3.1.3. Gas Permeability Coefficient


Figure 6 shows the evolution of the intrinsic permeability of mortars after carbonation compared to the healthy state. At the healthy state, mortars based on bottom ash powder have a slightly higher gas permeability and this is explained by the low reactivity of the bottom ash powder.



It can be seen that the permeability decreases after the carbonation test. This result is consistent with that of the pore distribution, which shows a decrease in pore volume with the carbonation Figure 5. The permeability decreases by 23%, 11%, 21% and 9% respectively for M0, M10, M15 and M20. This evolution can also be related to the higher content of cement carbonate hydrates in the M0 mortar.




3.1.4. Water-Accessible Porosity


The water-accessible porosity of the mortars before and after carbonation is shown in Figure 7. Before carbonation, it is observed that the bottom ash powder does not affect the water accessible porosity of the mortars and this up to 20% substitution. This is explained by the low and slow pozzolanic reactivity of the bottom ash powder. Thus, in our previous work, we note a decrease in the porosity accessible to water after 28 days of curing of bottom ash powder mortars compared to the control mortar [11]. However, due to the pozzolanic reactivity of the bottom ash powder, it increases to equal the porosity of the control mortar after 90 days of curing.



Carbonation reduces the porosity accessible to water by filling pores with formed carbonates.



However, just as in a healthy state, the addition of bottom ash powder has little effect on water-accessible porosity after carbonation. Thus, the carbonates formed would affect the micropores and mesopores but not the pores accessible to water. Therefore, up to 20% of CEM I can be substituted by bottom ash powder without noticeable impact on the water-accessible porosity of mortars after carbonation.




3.1.5. Capillary Absorption


The results of the capillary absorption test performed on the specimens before and after carbonation are shown in Figure 8a,b. Globally, carbonate mortars have a lower absorption coefficient than noncarbonated mortars. The decrease in the absorption coefficient is much more marked for the control mortar: 79%, 64%, 65% and 45% respectively for M0, M10, M15 and M20. This is also likely related to the fact that pore filling is more efficient on the control mortar, which contains more carbonatable cement hydrates.




3.1.6. Electrical Resistivity


The electrical resistivity of mortars depends on the physical properties of the constituents, their microstructural arrangement and the composition of the interstitial liquid. In this study, the resistivity was measured on previously saturated specimens. Figure 9 shows the evolution of the electrical resistivity after carbonation compared to the healthy state of the mortars. At the healthy state, the resistivity of the mortars increases slightly with the substitution rate compared to the control mortar. As the test specimens are saturated and have almost the same porosity accessible to water, the improved resistivity of these mortars would be due to a low concentration of ions in their interstitial solution, the pozzolanic reaction having consumed part of the portlandite.



It can be seen that carbonation leads to an increase in the resistivity of mortars. This can be explained by the reduction in porosity (Figure 7) and the impoverishment of the interstitial solution in ions (Ca2+ and OH-) because the carbonates formed are less soluble than the portlandite consumed. This development is reinforced for mortars containing bottom ash powder which already contained fewer ions due to the pozzolanic reaction. The higher carbonation depths (Figure 4) in these mortars contribute to further deplete the interstitial liquid and explains the higher resistivity of these mortars compared to the control. This increase in electrical resistivity means a decrease in the corrosion potential of the armatures.





3.2. Ammonium Nitrate Leaching


3.2.1. Leaching Depth


For the determination of the leaching depth, we used phenolphthalein, which is a colour indicator that turns pink-purple when the pH value is above about 9.2. The observation of the results presented in Figure 10 shows that bottom ash powder does not alter the leaching resistance of mortars. However, it can be seen that the colour of the nondegraded zone of the bottom ash powder mortars is lighter than that of the reference mortar. This difference in shade in bottom ash powder mortars could be explained by a lower pH value but still above 9.2. This is especially true since the colour becomes lighter as the bottom ash powder in the mortar increases. The drop in pH in these mortars may be due either to the pozzolanic reaction [23] or to a weak leaching of the mortars at greater depths.



We therefore believe that the thickness of the outer zone is not sufficient to reflect the depth of degradation.




3.2.2. Poral Distribution by Nitrogen Adsorption Desorption


The poral distribution before and after leaching is shown in Figure 11a,b. It is clear that leaching has led to an overall increase in porosity and in particular a relative increase in the volume of mesopores at the expense of micropores. This is due to the dissolution of hydrates and therefore the partial disappearance of the microporosity of these hydrates. Other authors also observe that leaching results in increased porosity due to the dissolution of hydrates, particularly portlandite [37,38,39].



Table 4 summarizes the variations in poral volumes and radius. It can be noted: decrease in the volume of micropores (from approximately 1 cm3/g. Å to 0.26 cm3/g. Å), increase in the volume of mesopores (from roughly 0.46 cm3/g. Å to 1.5 cm3/g. Å) and increase in the mean radius of these mesopores (from roughly 3.5 nm to 4.5 nm). There is no significant difference between the different types of mortars, but the porosity of the M10 mortar is significantly higher than that of other mortars.




3.2.3. Gas Permeability Coefficient


Figure 12 shows the evolution of permeability under the effect of leaching. As expected, permeability increases after leaching for all composites. However, when bottom ash powder mortars are compared to the reference mortar, a smaller increase is observed for mortars containing bottom ash powder. This result is consistent with the evolution of the pore distribution shown in Figure 11. The pozzolanic reactivity of the bottom ash powder leads to the decrease of the portlandite rate in the mortars, thus a decrease of the leachable phases and could explain the low permeability values of the M15 and M20 mortars compared to the control [40]. However, this observation is only valid for a substitution rate higher than 10%.




3.2.4. Water-Accessible Porosity


The results of the water-accessible porosity before and after leaching are shown in Figure 13. We note that porosity increases compared to the healthy state for all four types of mortar. This increase would be due to the increase in pore volume after hydrate leaching. However, bottom ash powder does not have a considerable influence on the evolution of water-accessible porosity after leaching. This means that up to 20% of the cement can be substituted by bottom ash powder without noticeable impact on the porosity of mortar water accessible after leaching.




3.2.5. Capillary Absorption


The capillary absorption coefficients were determined on the different mortars before and after leaching; the results are shown in Figure 14a,b.



After leaching, the reference mortar M0 degrades more than the bottom ash powder mortars M10 and M15, which have a lower absorption coefficient. Everything happens as if these bottom ash powder mortars are more resistant to leaching. This is understandable since these mortars contain less cement hydrates and therefore fewer leachable phases. However, the absorption coefficient of mortar containing 20% bottom ash powder is higher than that of the reference mortar. The porosity of this mortar may be less segmented due to the low cement content.




3.2.6. Electrical Resistivity


Figure 15 shows the results of the electrical resistivity measurements made before and after the leaching of the mortars. It can be seen that the resistivity decreases sharply after leaching. This is likely related to the increased porosity of the mortars after leaching as shown in Figure 13.



The addition of bottom ash powder as a partial replacement for CEM I has little effect on resistivity compared to the control mortar. At the healthy state, the resistivity being slightly higher for bottom ash powder mortars, it would seem that the decrease in resistivity is slightly greater for the latter than for the control mortar. As the porosity of these mortars after leaching does not differ from that of the control mortar, it could be thought that there were more phases leached out in the control mortar than in those containing bottom ash powder, so that they have the same content of pore solution ions.





3.3. Chloride Ions Diffusion


The apparent diffusion coefficient of chloride ions is calculated from the penetration depth measured on the specimens after spraying a silver nitrate solution which colours the chloride-containing zone in white (Figure 16).



The results obtained and presented in Table 5 show that the substitution of bottom ash powder for CEM I does not significantly affect the diffusion of chloride ions for substitution rates below 15%. For mortar containing 20% substitution, a slight decrease in the diffusion coefficient is observed compared to the reference mortar M0. These variations are probably related to changes in the microstructure of the mortars. In fact, the addition of bottom ash powder does not appreciably modify the porosity accessible to the water in the test specimens after 90 days of curing (Figure 13); this result suggests the presence of greater tortuosity in the M20 mortar. Previous work has shown that the use of pozzolanic mineral additions such as silica fume, fly ash, metakaolin, reduces the diffusion of chlorides by refining the porous network [25,26].





4. Conclusions


The objective of this work is to study the durability of a cementitious mortar made from a bottom ash powder. For this purpose, some samples of the mortar were subjected to carbonation and ammonium nitrate leaching and the consequences of these treatments were examined.



In the carbonation test, the partial substitution of the bottom ash powder for CEM I causes an increase of the CO2 penetration depth. This could lead to a significant degradation of the mortar if it contains more than 10% substitution. Results show that carbonation causes a decrease of the pore volume, the gas permeability, the capillary absorption and the water accessible porosity. These decreases are however smaller than those obtained with the mortar which does not contain the bottom ash powder. After carbonation, the mortars containing the ash powder show a higher increase of the electrical resistivity compared to that of the control mortar. This is an advantage with regard to the corrosion of the reinforcement.



In the leaching test, the partial substitution of the bottom ash powder for CEM I slightly increases the depth of degradation. Leaching causes an overall increase in porosity compared to the healthy state. There is no significant difference in the pore distribution between the different types of mortars. The porosity accessible to water is also of the same order for all mortars. The electrical resistivity decreases after leaching, but the values are also of the same order for all mortars. There is also an increase in the absorptivity of the mortars after leaching compared to the healthy state, but the M10 and M15 bottom ash powder mortars have a lower absorption coefficient than the reference mortar M0.



Diffusion test shows that for mortars containing less than 15% substitution, there is no significant influence on the chloride diffusion coefficient. A slight decrease is observed for mortar containing 20% substitution.
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Figure 1. Granular distribution of coal bottom ash powder and CEM I. 
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Figure 2. SEM image of coal bottom ash powder. 
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Figure 3. Diffractogram of coal bottom ash powder. 
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Figure 4. Carbonation depth of mortars. 
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Figure 5. Poral distribution (a) before and (b) after mortar carbonation. 
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Figure 6. Gas permeability of mortars before and after carbonation. 
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Figure 7. Water-accessible porosity evolution before and after mortar carbonation. 
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Figure 8. Capillary absorption before (a) and after (b) carbonation. 
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Figure 9. Evolution of electrical resistivity before and after mortar carbonation. 






Figure 9. Evolution of electrical resistivity before and after mortar carbonation.



[image: Sustainability 12 08089 g009]







[image: Sustainability 12 08089 g010 550] 





Figure 10. Leaching depth of mortars. 
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Figure 11. Poral distribution (a) before and (b) after leaching with substitution rate. 
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Figure 12. Gas permeability of mortars before and after leaching. 
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Figure 13. Evolution of porosity before and after mortar leaching. 
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Figure 14. Capillary absorption (a) before and (b) after leaching. 
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Figure 15. Evolution of electrical resistivity before and after leaching of mortars. 
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Figure 16. Depth of chloride ion penetration. 
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Table 1. Chemical composition and physical properties of CEM I and coal bottom ash.
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	CEM I
	Coal Bottom Ash





	Chemical composition (% by weight)
	
	



	SiO2
	18.6
	53.2



	CaO
	59.6
	0.41



	Al2O3
	4.73
	22.2



	Fe2O3
	3.11
	4.36



	K2O
	0.26
	1.90



	Na2O
	0.10
	0.22



	MgO
	2.57
	0.56



	Mn2O3
	0.085
	0.012



	TiO2
	0.24
	1.67



	Cl
	0.03
	0.01



	SO3
	2.62
	0.30



	SrO
	0.024
	0.013



	P2O5
	0.47
	0.042



	Loss on ignition
	7.5
	15.0



	Physical characteristics
	
	



	D50 (µm)
	10.54
	16.17



	Specific density (t/m3)
	3.10
	2.31



	Apparent density (t/m3)
	1.06
	0.77



	BET specific surface area (m2/g)
	1.47
	3.67



	Blaine specific surface area (cm2/g)
	3565
	4109
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Table 2. Identification of different mortar formulations.
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Code

	
Bottom Ash Powder Rate (%)

	

	
Constituent Mass (kg/m3)




	
Binder

	
Bottom Ash

	
Sand

	
Water

	
Adjuvant






	
M0

	
0

	
292.2

	
0

	
876

	
145

	
5.8




	
M10

	
10

	
260.3

	
29

	
876

	
145

	
5.8




	
M15

	
15

	
244.6

	
43.2

	
876

	
145

	
5.8




	
M20

	
20

	
229

	
57.3

	
876

	
145

	
5.8
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Table 3. Distribution and mean radius of micropores and mesopores before and after carbonation.
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Noncarbonated

	
Carbonated




	

	
Micropores

	
Mesopores

	
Micropores

	
Mesopores




	

	
Volume cm3/g·Å

	
Rm (nm)

	
Volume cm3/g·Å

	
Rm (nm)

	
Volume cm3/g·Å

	
Rm (nm)

	
Volume cm3/g·Å

	
Rm (nm)






	
M0

	
0.96

	
1.63

	
0.46

	
3.45

	
0.26

	
1.67

	
0.33

	
4.28




	
M10

	
0.90

	
1.62

	
0.51

	
3.51

	
0.35

	
1.71

	
0.44

	
4.10




	
M15

	
1.00

	
1.63

	
0.63

	
3.48

	
0.60

	
1.66

	
0.53

	
3.57




	
M20

	
0.95

	
1.64

	
0.57

	
3.57

	
0.50

	
1.67

	
0.42

	
3.95
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Table 4. Distribution and mean radius of micropores and mesopores before and after leaching.
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Nonleached

	
Leached




	

	
Micropores

	
Mesopores

	
Micropores

	
Mesopores




	

	
Volume cm3/g·Å

	
Rm (nm)

	
Volume cm3/g·Å

	
Rm (nm)

	
Volume cm3/g·Å

	
Rm (nm)

	
Volume cm3/g·Å

	
Rm (nm)






	
M0

	
0.96

	
1.63

	
0.46

	
3.45

	
0.26

	
1.58

	
1.49

	
4.68




	
M10

	
0.90

	
1.62

	
0.51

	
3.51

	
0.42

	
1.61

	
1.68

	
4.42




	
M15

	
1.00

	
1.63

	
0.63

	
3.48

	
0.26

	
1.52

	
1.41

	
4.67




	
M20

	
0.95

	
1.64

	
0.57

	
3.57

	
0.28

	
1.54

	
1.39

	
4.71
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Table 5. Apparent diffusion coefficient according to substitution rate.
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	Substitution Rate (%)
	Penetration Depth Xd (mm)
	Diffusion Dns (dif) (10−12 m2/s)





	0
	9.83
	4.67 ± 0.27



	10
	10.67
	5.50 ± 0.59



	15
	10.17
	4.99 ± 0.29



	20
	9.17
	4.05 ± 0.26











© 2020 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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