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Abstract

:

This study shows the effect of different types of internal curing liquid on the properties of alkali-activated slag (AAS) mortar. NaOH solution and deionized water were used as the liquid internal curing agents and zeolite sand was the internal curing agent that replaced the standard sand at 15% and 30%, respectively. Experiments on the mechanical properties, hydration kinetics, autogenous shrinkage (AS), internal temperature, internal relative humidity, surface electrical resistivity, ultrasonic pulse velocity (UPV), and setting time were performed. The conclusions are as follows: (1) the setting times of AAS mortars with internal curing by water were longer than those of internal curing by NaOH solution. (2) NaOH solution more effectively reduces the AS of AAS mortars than water when used as an internal curing liquid. (3) The cumulative heat of the AAS mortar when using water for internal curing is substantially reduced compared to the control group. (4) For the AAS mortars with NaOH solution as an internal curing liquid, compared with the control specimen, the compressive strength results are increased. However, a decrease in compressive strength values occurs when water is used as an internal curing liquid in the AAS mortar. (5) The UPV decreases as the content of zeolite sand that replaces the standard sand increases. (6) When internal curing is carried out with water as the internal curing liquid, the surface resistivity values of the AAS mortar are higher than when the alkali solution is used as the internal curing liquid. To sum up, both NaOH and deionized water are effective as internal curing liquids, but the NaOH solution shows a better performance in terms of reducing shrinkage and improving mechanical properties than deionized water.
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1. Introduction


Alkali-activated slag (AAS) requires less energy than ordinary Portland cement (OPC) in the manufacturing process [1,2] and has gained widespread interest in the construction manufacturing sector. In particular, the use of alkali-activated slag can effectively reduce carbon emissions [3]. The materials required to make AAS concrete usually include slag, aggregate (fine or coarse aggregates), and various alkali activators [4]. Nevertheless, AAS mortar is limited in practical engineering applications because of the large amount of autogenous shrinkage [5]. Some related studies reported that the influencing factors affecting the autogenous shrinkage of AAS concrete mainly include the slag fineness [6,7], the type and amount of alkali activators [8], and the curing conditions [9].



It is well known that internal curing is proven to reduce autogenous shrinkage in concrete [10,11]. The autogenous shrinkage of concrete is most closely related to cement hydration [12]. The porous material is treated as a reservoir, and the water absorbed by the reservoir is released with the hydration reaction, thus ensuring a high relative humidity around the reservoir and thus reducing the occurrence of autogenous shrinkage [13]. Mo et al. [14] reported the combined action of biochar with a porous material and MgO expansion admixtures in cement paste. It is reported that the biochar provided a relatively high internal relative humidity to the cement paste and enhanced the ability of MgO to compensate for shrinkage. Liu et al. [15] found, by etching cenospheres, that the thin glass crystal films on the surfaces of the cenospheres were removed, and water absorption reached 180 wt%. When the internal relative humidity was below 95%, the internal curing water was released by cenospheres and, eventually, the autogenous shrinkage was almost completely eliminated. Liu et al. [16] found that coral sand with a maximum particle size of 0.6 mm is an ideal material for ultra-high-performance concrete to reduce autogenous shrinkage, and using no more than 20% (vol%) is recommended to obtain the highest strength. There are some similarities between the autogenous shrinkage of AAS concrete and OPC concrete, so an increasing number of studies on internal curing to reduce the autogenous shrinkage of AAS concrete are being conducted.



However, porous materials as internal curing agents to control the autogenous shrinkage of AAS mortars are still in the preliminary stages. Currently, the most commonly used internal curing materials to reduce the autogenous shrinkage of AAS mortars are superabsorbent polymers (SAPs) [17,18]. Li et al. [17] found that SAPs were released from the internal curing liquid before 8 h, which ultimately could significantly reduce the autogenous shrinkage of the AAS mortar (about 58%). Oh et al. [18] used three different activators (Na2SiO3, NaOH, and Na2CO3 solutions, alone or in combination) to observe the effect of SAPs on the autogenous shrinkage of AAS mortars. However, there are two obvious disadvantages to SAPs. Firstly, the involvement of SAPs limits the development of the compressive strength of AAS mortars. In addition, a SAP can only be used in a dry state because it swells after absorbing water [19], so the internal curing liquid can only change with the type of activator [18]. Although the autogenous shrinkage was significantly reduced in each group of specimens due to the presence of SAPs, no clear explanation was given to explain the mechanism of autogenous shrinkage of AAS mortars by the absorption of different internal curing liquids by SAPs. Especially when considering the similarity between the autogenous shrinkage of OPC concrete and AAS mortar systems [20], the mechanism of the effect of water as an internal curing liquid on the autogenous shrinkage of AAS mortars is worth investigating.



Some researchers are concerned about the abovementioned drawbacks, and therefore have started to choose lightweight aggregates (LWAs) as internal curing agents for AAS studies. However, few studies have reported on the use of LWAs to reduce AAS mortar. It was reported by Bentz and Sakulich [21] that LWA is an adequate internal curing agent, and LWAs can easily mitigate the autogenous shrinkage of AAS mortar. Darshan et al. [22] used expanded shale as an internal curing agent that can significantly reduce the autogenous shrinkage of AAS mortar. Considering that an excessive amount of LWAs replacing normal silica sand has no significant effect on reducing autogenous shrinkage and may also adversely affect the strength and ductility of the mortar, the optimal amount to use is 20% [22]. In addition, other researchers have confirmed that recycled aggregates can reduce the autogenous shrinkage of AAS mortars. Lee et al. [23] found that a larger particle size of the recycled aggregate means that the specific surface area is smaller and the efficiency of the internal curing liquid being released into the matrix is limited. In addition, recycled aggregates have the potential to react, leading to blocked transport channels and resulting in reduced internal curing effectiveness. Therefore, although recycled aggregates can reduce autogenous shrinkage, this ability is limited. Existing research has confirmed that LWAs are also effective as internal curing agents to reduce autogenous shrinkage for AAS mortars. LWAs cannot impose limitations on strength development; however, since research into the internal curing efficiency of LWAs is not satisfactory, it is necessary to find a new, more efficient LWA to slow down the autogenous shrinkage of AAS mortars.



Based on the literature about internal curing, we can find the weak points of previous studies: (1) The effect of water as an internal curing liquid on the autogenous shrinkage of OPC concrete systems has been intensely studied. However, study of the effect on AAS mortars is very limited. (2) Currently available LWAs are capable of reducing autogenous shrinkage without causing significant loss of compressive strength, but the efficiency of reducing autogenous shrinkage is not satisfactory. (3) SAPs cannot be pretreated independently as the internal curing liquid changes with the activator type because the swelling after water absorption is significant, resulting in a fixed order of raw material placement during the processing of concrete. Therefore, it is essential to find a new porous material that can be pretreated to change the internal curing liquid and significantly reduce autogenous shrinkage.



Existing AAS literature has used internal curing liquids, which is the same as alkali activators. The effects of different types of internal curing liquid are not considered in existing AAS literature. To fill this gap, this study performed a series of experimental studies to clarify the effects of different types of internal curing liquids on the properties of alkali-activated slag (AAS) mortar. Zeolite sand was used as the internal curing agent to replace parts of the standard sand. Before mixing, zeolite was presoaked with internal curing liquid. During the hardening process, the internal curing liquid is released, and the autogenous shrinkage of alkali-activated slag is lowered. The new findings of this study are as follows: (1) Zeolite sand is an ideal material for internal curing because of its internal pores, which can absorb internal curing liquid and effectively reduce autogenous shrinkage. (2) Water as an internal curing liquid can significantly reduce the compressive strength, although it is effective at reducing autogenous shrinkage. (3) The mechanisms by which water and NaOH solution reduce autogenous shrinkage of AAS mortar are different. Water can reduce autogenous shrinkage, but there is a dilution effect caused by the negative effect of compressive strength and hydration kinetics. On the contrary, the NaOH solution does not have this adverse effect.



This study’s main aim is to produce sustainable alkali-activated slag concrete with lower autogenous shrinkage, lower hydration heat, and higher compressive strength. Additionally, because the internal curing method can effectively reduce autogenous shrinkage, the contents of shrinkage reducing admixtures and expansive admixtures can be lowered. Summarily, the internal curing technique is useful for the sustainable construction of infrastructures.




2. Materials and Methods


2.1. Materials and Sample Preparation


The fineness of granulated ground blast furnace slag (GGBFS) is 405 m2/kg. In addition, the density of GGBFS is 2.68 kg/m3. Table 1 shows the chemical constituents of GGBFS. In this study, the activator for accelerating the GGBFS reaction was NaOH tablets, which were of analytical grade and supported by Daejung. The NaOH tablets had a purity of 97% and were dissolved in deionized water and then cooled to room temperature for one day before being used for mixing to produce AAS mortars.



In this study, two types of internal curing liquids (NaOH liquid and deionized water) were used. The zeolite sand has minimum and maximum particle sizes of 1 and 3 mm, respectively. Table 2 shows the physical and chemical characteristics of zeolite sand. The teabag method was used to measure the amount of internal curing liquid absorbed by zeolite sand [24]. The internal curing liquid absorption ratio is defined as the ratio of the increased mass after absorption to the zeolite sand mass in the dry state. Figure 1 shows the teabag method results. Zeolite sand does not increase in the NaOH solution absorbed at around 4 h and reaches saturation at around 6 h when absorbing water. The final absorptions of NaOH liquid and water are 5.76 and 8.08 wt%, respectively. The ability of porous materials to absorb water is much more efficient than in alkaline solutions. Similar results were reported in the study of Li et al. [17].



The mix proportions of all AAS mortars are shown in Table 3. The proportions of slag, standard sand, and liquid were in the ratio of 1, 2, and 0.55, respectively, for all AAS mortars. Labels starting with W and A represent AAS mortars cured by water and NaOH liquids, respectively. The labels with a Z and number represent the zeolite mass fractions of standard sand. According to the above rules for editing the specimen numbering, the control group without internal curing was defined as Z0. For the Z0 mixture, the binder is slag. Moreover, the NaOH solution was used as the activator for Z0. Using water as the internal curing liquid, standard mortars with 15% and 30% zeolite sand replacements were defined as W-Z15 and W-Z30, respectively. Using NaOH solution as the internal curing liquid, standard mortars with 15% and 30% zeolite sand replacement were defined as A-Z15 and A-Z30, respectively. The liquid-to-binder ratio (l/b) of AAS mortar without internal curing (Z0) is 0.55. For the specimens containing zeolite sands, the basic l/b (corresponding to the liquid not absorbed by the zeolite) of AAS with internal curing was the same as Z0. The liquid (absorbed by zeolite sand)-to-binder ratio is marked as l/bIC. The total l/b of AAS mortars with internal curing was the sum of the basic l/b and l/bIC. The NaOH liquid and water absorption of zeolite sand are 5.76 and 8.08 wt% of dry zeolite mass. Therefore, the l/b of W-Z15, W-Z30, A-Z15, and A-Z30 was 0.574, 0.598, 0.567, and 0.585, respectively. Slag, standard sand, and presoaking zeolite sand using a mortar mixer were stirred at a low speed for 30 s. NaOH liquid was added to all powders and stirred at a low speed for 2 min. Then we stopped for 30 s and scraped off the underagitated powder from the mortar mixer’s inner wall. The mixing continued at high speed for another 2 min.




2.2. Test Methods


2.2.1. Setting Time


Vicat needle inspection, which was according to ASTM C191 [25], calculated the setting time of AAS mortars. All AAS mortar specimens were at 20 ± 1 °C. During the examination, a protective film protected the mortar from water evaporation from the mortar.




2.2.2. Autogenous Shrinkage


The autogenous shrinkage test was carried out according to ASTM C1698 [26]. Because internal relative humidity and internal temperature serve as important factors affecting autogenous shrinkage [27], this analysis simultaneously assessed autogenous shrinkage, internal relative humidity, and internal temperature of AAS mortars. We changed the ASTM C1698 (West Conshohocken, PA, USA) measurement system by installing a sensor in the middle of the corrugated plastic tube to monitor the internal relative humidity and internal temperature. A polyvinyl chloride tube covered the sensor. Information about the changed unit can be found in a previous study [28]. AAS mortars were primed at 20 ± 1 °C and cured at 20 ± 1 °C.




2.2.3. Compressive Strength Test


This research aimed to ascertain the effects of different internal curing liquids on the early-age compressive strength of AAS mortars. Therefore, the target ages are three and seven days. A compressive strength test was carried out according to ASTM C39 [29]. The specimen size required for the compressive strength test was a 50 cm cube. Fresh mortars were thrown into the mold for curing for 24 h. After 24 h of curing, we cut the mold and sealed the mortars before they reached the target age. Each experimental group examined three specimens, and the compressive strength test used the average of the three sets of test data collected.




2.2.4. Isothermal Calorimetry


TAM-Air (New Castle, DE, USA) was used to calculate the hydration heat. Equipment was supplied by TA Instruments (New Castle, DE, USA). Mortar samples were tested at an ambient temperature of 20 °C for 72 h. The paste has usually been manipulated as a research target in previous studies. The purpose of this study is to investigate the effect of different internal curing liquids on the heat of hydration of AAS mortars. Therefore, mortars were the main object of this study in this experiment, in which zeolite sand was used as an internal curing agent to replace parts of the standard sand. For each experiment group, 10 g of mortar was weighed and placed in the isothermal calorimetry channel for measurement.




2.2.5. Ultrasonic Pulse Velocity (UPV) Test


The ultrasonic pulse velocity test device was supplied by Proceq Pundit Lab. The experimental operation was performed in accordance with ASTM C 597-16 [30]. The main advantages of the device included its lightness, nondestructive nature, and automatic detection. The principle of operation of the device is that a P-wave with a pulse of 45 kHz is transmitted by the transmitter of the device through the sample and to the receiver according to the target period. The test results give a qualitative indication of the strength and homogeneity of the mortar. The target ages of the test were three and seven days. Each group of specimens was tested three times, and the average of the three results was taken for discussion.




2.2.6. Surface Electrical Resistivity (SER)


The surface electrical resistivity determination was carried out according to AASHTO T 358. The specimen under investigation was cylindrical, with a diameter of 102 mm and a height of 204 mm. The instrument used for this test was a four-point Wenner surface test system supplied by Screening Eagle (Switzerland). The target ages for the tests were three and seven days. Each group of specimens was subjected to three experiments, and the average of three measurements was taken as the data for discussion.






3. Results and Discussion


3.1. Setting Time


Figure 2 shows the initial and final setting times of all AAS mortars. Firstly, the setting times of AAS mortars with internal curing by water (W-Z15 and W-Z30) were longer than those of Z0, A-Z15, and A-Z30. This behavior is mainly because, as the slag reaction occurred, water was released as an internal curing liquid by the zeolite sand, thus reducing the alkali ion concentration, slowing down the slag reaction, and leading to an increase in setting time. Secondly, compared to the control group, the setting time of the AAS mortar that was internally cured by the NaOH solution was slightly reduced. NaOH as an internal curing solution was released by the zeolite sand, and the slag reaction concentration was maintained at a relatively high level, resulting in an accelerated reaction. Therefore, the setting time was reduced. Finally, A-Z30 had a higher zeolite sand content and more internal curing NaOH solution was released during the slag reaction. However, on the contrary, the AAS mortar with a high internal curing solution had a longer setting time instead. This is mainly due to the fact that the high zeolite sand content introduced additional pores, resulting in a lower compressive strength and affecting the Vicat needle test results. In general, in this study, two factors influenced the final value of the Vicat needle test, namely the ionic concentration of slag reaction and the number of internal pores [31]. The competing effects of the two factors ultimately determined the setting time.




3.2. Autogenous Shrinkage, Internal Relative Humidity, and Internal Temperature


Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7 show the relationship development trends between internal relative humidity (IRH) and autogenous shrinkage (AS) (a) and internal temperature (IT) (b) of all AAS mortars from the final setting time to seven days. The AS variation process can be divided into two stages through the IT variation process of the mortars. The stage of continuous IT change is defined as stage I, and the stage of constant IT change is defined as stage II.



A previous study [8] reported a continuous decrease in IRH of AAS mortars without internal curing as the slag reaction progresses. However, in the present study, the IRH was continuously elevated at stage I, which was mainly attributed to the release of the liquid inside the ink bottle space after solidification due to IT being above room temperature, and the released liquid resulted in a continuous increase in IRH [32]. In addition, IRH decreases due to the slag reaction. However, the overall IRH elevation trend is shown because the effect of IT influence leading to IRH elevation is significantly greater than the IRH reduction effect due to slag reaction. Fang et al. [33] reported that the alkali-activated slag paste had a continuously elevated IRH during the first day. Similar phenomena were also observed for the other four groups of AAS mortars with internal curing. For the internal curing AAS mortars, the internal curing liquid released by the internal curing agent itself contributed to the most significant increase in IRH, in addition to the two factors mentioned above.



Secondly, in stage II, the IRH of the control group without internal curing (Z0) continued to decrease due to the slag reaction proceeding, and the final IRH value at seven days of age was 89.08%. However, the IRH of all AAS mortars with internal curing was observed to increase continuously. The final IRH values at seven days of age for A-Z15, A-Z30, W-Z15, and W-Z30 were 94.11%, 96.21%, 96.24%, and 96.61%, respectively. This different trend of IRH variation is mainly due to the internal curing liquid. In this study, zeolite sand as an internal curing agent can continuously release the internal curing liquid, so maintaining the internal of the AAS mortar can maintain a relatively high IRH [34].



Thirdly, for AAS mortars using the same internal curing liquid, higher IRH levels correspond to smaller AS values, which is consistent with what was observed by other researchers [8]. For AAS mortars with water as the internal curing liquid, the final AS values were 102.35 and 42.06 μm/m for W-Z15 and W-Z30, respectively, with AS reductions of 68.48% and 87.04%, respectively. On the other hand, for AAS mortars with NaOH solution as the internal curing liquid, the final AS values were 59.51 and 28.24 μm/m for A-Z15 and A-Z30, respectively, with 81.67% and 91.3% reductions in AS, respectively. Therefore, NaOH solution more effectively reduces the AS of AAS mortar than water as an internal curing liquid. The reason for this phenomenon is mainly because the mechanism of reducing AS is different between the two internal curing liquids. The alkali solution as an internal curing liquid is released by the zeolite sand and wets the dry capillaries distributed around the zeolite sand, leading to a reduction in capillary stress and thus a reduction in AS occurrence [35]. On the other hand, water as an internal curing liquid can also wet the pores and thus reduce the pore stress to reduce AS. However, this ability is limited, and as more water is released to reduce the environmental concentration of the slag reaction, there is a dilution effect, thus reducing the slag reaction rate, and the occurrence of AS is inhibited.



Finally, the factors that reduce the AS of AAS mortars also include the occurrence of expansion. When the expansion is more pronounced, it is more beneficial to reduce the AS at a later age. The occurrence of a clear expansion segment can be clearly observed in Figure 5a and Figure 6a. The expansion maxima values of A-Z15 and A-Z30 were 35.71 and 54.13 μm/m, respectively, and the expansion effects lasted for 3.34 and 4.82 days, respectively. On the other hand, a very weak expansion effect was observed for AAS mortars with water as the internal curing liquid. The expansion maxima values of 4.76 and 18.69 μm/m were observed for W-Z15 and W-Z30 and lasted for 1.21 and 2.57 days, respectively. Some researchers have reported that the main cause of expansion is the formation of silica-rich gels [21]. The alkali solution released by zeolite sand provides sufficient internal curing liquid, and thus suitable conditions for the formation of expansion [35].




3.3. Isothermal Calorimetry


Figure 8 shows the heat flow (a) and cumulative heat (b) curves of Z0, A-Z15, A-Z30, W-Z15, and W-Z30 for casting over three days. Two heat flow peaks have been reported in the past when sodium hydroxide solution was used as an activator in AAS mortars [21]. This was also found in the present study, as shown in Figure 8a. The first peak is shown independently. Firstly, from the first peak, it was observed that the heat flow peak intensity of the AAS mortar with NaOH solution as the internal curing liquid was higher compared to Z0. This behavior occurs mainly because the high Na2O content increases the first peak intensity [36]. On the other hand, for the AAS mortar with water as the internal curing liquid, the first peak intensity of the heat flow peak was lower than that of Z0 due to the water released from the zeolite sand diluting the concentration of alkali ions for the slag reaction, resulting in a lower slag reaction rate. Secondly, observation of the second peak revealed that the peak of the AAS mortar containing internal curing was advanced by about 6.5–8.9 h compared to that of Z0. This behavior is due to the increased Ca2+ adsorbed by the fine particle size zeolite particles from the zeolite sand used in this study, which promotes the slag hydration reaction [37].



Figure 8b shows the cumulative heat of AAS mortars. At three days of age, the final heats of Z0, A-Z15, A-Z30, W-Z15, and W-Z30 were 228.3, 219.4, 71.9, 162.2, and 39.2 J/g, respectively. Firstly, it can be clearly observed that the cumulative heat of the AAS mortar using water for internal curing is substantially reduced compared to the control group. This is mainly due to the dilution of the ionic concentration of the slag reaction by releasing water from the zeolite sand, resulting in a weaker slag reaction. Secondly, observation of the accumulated heat of AAS mortar with NaOH solution as the internal curing liquid revealed that the total heat release of the mortar decreased as the amount of internal curing liquid increased. A similar phenomenon was reported in the study by Gebregziabiher [8]. Gebregziabiher et al. [8] found that high concentrations of NaOH reduced the heat release of AAS pastes.




3.4. Compressive Strength


Figure 9 shows the compressive strength results of Z0, A-Z15, A-Z30, W-Z15, and W-Z30. Firstly, for the AAS mortars with NaOH solution as internal curing liquid, compared with Z0, the compressive strength increased as the zeolite sand amount increased. The main reason for this phenomenon is that more sodium hydroxide solution being released from the zeolite sand increased the ionic concentration of the slag reaction, leading to an increase in hydration productions; therefore, the compressive strength was increased. On the other hand, compared with the control group, for the AAS mortar with water as the internal curing liquid, the compressive strength of W-Z15 was slightly higher at three days, but the compressive strength was slightly lower at seven days. When the zeolite sand amount was increased to 30 wt%, the compressive strengths at three and seven days decreased by 20.1% and 13.8%, respectively. The decrease in compressive strength occurred when water was used as an internal curing liquid in the AAS mortar. This is mainly attributed to the fact that water is released during the slag reaction to reduce the ionic concentration. Thus, the slag reaction is slowed down and the strength is reduced. In addition, research has reported that the zeolite lightweight aggregate used as an internal curing agent in concrete does not cause a loss of compressive strength [38], so it is clear that the main reason for the reduction in compressive strength of AAS mortar in this study is the dilution effect of the internal curing liquid, water.




3.5. Ultrasonic Pulse Velocity (UPV) Test


Figure 10 shows the UPV results of Z0, A-Z15, A-Z30, W-Z15, and W-Z30 specimens at three and seven days of age. Wang et al. [39] purported a positive correlation between UPVs and compressive strength values. Nevertheless, the experimental phenomenon observed in the present study is different. Firstly, the UPV decreases as the content of zeolite sand that replaces the standard sand increases. This occurs mainly because the addition of zeolite sand into the mortar matrix leads to more additional pores being added, thus increasing the pore amount of the AAS mortar and resulting in a decrease in the UPVs. Therefore, it can be clearly concluded that the addition of zeolite sand decreases the UPVs. Secondly, the UPVs of the AAS mortar increase with age. This behavior is mainly due to the fact that the slag reacts with increased curing age to produce more hydration productions, making the mortar denser and reducing the UPVs. Finally, the seven-day UPVs of AAS0, A-Z15, A-Z30, W-Z15, and W-Z30 were 4016, 3745, 3571.5, 3692, and 3597 m/s, respectively. In summary, the factors influencing the UPVs in this study come down to two points: the amount of zeolite sand added and the number of hydration productions generated. The introduction of zeolite sand introduces additional pores that reduce the UPVs and, conversely, the reaction productions increase the UPVs. The effect of the introduction of zeolite sand in this study is significantly greater than the reaction products.




3.6. Surface Electrical Resistivity (SER)


SER assessed the resistance of AAS mortars to chloride ions by measuring the resistivity of AAS mortars. The resistivity of AAS mortars is dependent on the pore size distribution, interpore connectivity, and saturation, etc., as reported in [40]. The SER is also considered by researchers as one of the tests to indirectly measure porosity and diffusion capacity. Various icons, such as K+, Ca2+, OH−, etc., are found in AAS mortars. When these ions flow, an electric current is generated. The OH- concentration in the pores of AAS mortars depends on the alkali concentration [41].



Figure 11 shows the SER results for AAS mortars at three and seven days of age. Firstly, the SER values of AAS mortars increased as the age increased. This is due to the fact that as the age of the curing age increases, the slag reaction continues to consume a large number of ions, resulting in a lower content of mobile ions and, therefore, having a lower ionic conductivity and a higher SER value. Secondly, when internal curing is carried out with water as the internal curing liquid, the SER values of the AAS mortar are higher than when the alkali solution is used as the internal curing liquid. This behavior is mainly due to the fact that, as the slag reaction proceeds, water is released by the zeolite sand, reducing the ambient alkali concentration around the slag reaction, which in turn reduces the ionic conductivity and leads to an increase in SER. Finally, when the replacement rate of the standard sand increased from 15% to 30%, the SER values decreased significantly. This is mainly due to the use of more internal curing agent introducing additional pores, resulting in the formation of a relatively sparse pore network where the flow of ions becomes smoother and thus the ionic conductivity increases, which ultimately manifests itself as a decrease in SER values.





4. Conclusions


This study shows the effect of types of internal curing liquids (NaOH solution and deionized water) on the properties of alkali-activated slag (AAS) mortar. Z0 was the control specimen, and W-Z15 and W-Z30 had water as the internal curing liquid and zeolite sand replacing 15% and 30% of standard sand, respectively. A-Z15 and A-Z30 had NaOH as the internal curing liquid, with zeolite sand replacing 15% and 30% of standard sand, respectively. Various experiments were performed, culminating in the following conclusions:




	
The setting times of AAS mortars with internal curing by water (W-Z15 and W-Z30) were longer than those of Z0, A-Z15, and A-Z30. This behavior is mainly because, as the slag reaction occurs, water is released as an internal curing liquid by the zeolite sand, thus reducing the alkali ion concentration and slowing down the slag reaction, leading to an increase in setting time.



	
For AAS mortars with water as the internal curing liquid, the final AS values were 102.35 and 42.06 μm/m for W-Z15 and W-Z30, respectively. On the other hand, for the AAS mortars with NaOH solution as the internal curing liquid, the final AS values were 59.51 and 28.24 μm/m for A-Z15 and A-Z30, respectively. Therefore, the NaOH solution reduces the AS of AAS mortar more effectively than water as an internal curing liquid.



	
The maximum expansion values of A-Z15 and A-Z30 were 35.71 and 54.13 μm/m, respectively, and the expansion effect lasted for 3.34 and 4.82 days, respectively. On the other hand, a very weak expansion effect was observed for AAS mortars with water as the internal curing liquid. The expansion maxima values for 4.76 and 18.69 μm/m were observed for W-Z15 and W-Z30, which lasted for 1.21 and 2.57 days, respectively.



	
At three days of age, the final heats of Z0, A-Z15, A-Z30, W-Z15, and W-Z30 were 228.3, 219.4, 71.9, 162.2, and 39.2 J/g, respectively. The cumulative heat of the AAS mortar, using water for internal curing, was substantially reduced compared to the control group. This was mainly due to the dilution of the ionic concentration by water released from the zeolite sand, resulting in a weaker slag reaction.



	
For the AAS mortars with NaOH solution as the internal curing liquid, compared with Z0, the compressive strength increased as the amount of zeolite sand increased. In addition, at the age of seven days, a decrease in compressive strength values occurred when water was used as the internal curing liquid in the AAS mortar. This is mainly attributed to the fact that water is released to reduce the ionic concentration.



	
The seven-day UPVs of AAS0, A-Z15, A-Z30, W-Z15, and W-Z30 were 4016, 3745, 3571.5, 3692, and 3597 m/s, respectively. The UPV decreased as the content of zeolite sand that replaced the standard sand increased. The introduction of zeolite sand introduced additional pores that reduced the UPVs; conversely, the reaction products increased the UPVs. The experimental results depended on the competition between various factors.



	
When internal curing was carried out with water as the internal curing liquid, the surface resistivity values of the AAS mortar were higher than when the alkali solution was used as the internal curing liquid. This is because as the slag reaction proceeded, water was released by the zeolite sand, reducing the ambient alkali concentration and the ionic conductivity.
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Figure 1. Time vs. NaOH solution and water absorption of zeolite sand. 






Figure 1. Time vs. NaOH solution and water absorption of zeolite sand.



[image: Sustainability 13 02407 g001]







[image: Sustainability 13 02407 g002 550] 





Figure 2. The setting times of all alkali-activated slag (AAS) mortars. 
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Figure 3. Relationship between IRH and autogenous shrinkage (AS) (a) and IT (b) of Z0. 
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Figure 4. Relationship between IRH and AS (a) and IT (b) of A-Z15. 
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Figure 5. Relationship between IRH and AS (a) and IT (b) of A-Z30. 
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Figure 6. Relationship between IRH and AS (a) and IT (b) of W-Z15. 
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Figure 7. Relationship between IRH and AS (a) and IT (b) of W-Z30. 
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Figure 8. Isothermal calorimetry results for 72 h: (a) heat flow; (b) cumulative heat. 
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Figure 9. Compressive strength of AAS mortars at days 3 and 7. 
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Figure 10. Ultrasonic pulse velocity values of Z0, A-Z15, A-Z30, W-Z15, and W-Z30 specimens at days 3 and 7. 
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Figure 11. Surface Electrical Resistivity (SER) of Z0, A-Z15, A-Z30, W-Z15, and W-Z30 specimens at days 3 and 7. 
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Table 1. Chemical constituents of granulated ground blast furnace slag (GGBFS).
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	Oxides (wt.%)
	GGBFS





	SiO2
	31.73



	CaO
	38.76



	Al2O3
	15.81



	MgO
	7.46



	Fe2O3
	0.56



	SO3
	2.68



	K2O
	0.65



	TiO2
	0.44



	MnO
	0.17



	Loss
	1.35
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Table 2. Physical and chemical characteristics of zeolite sand.
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	Zeolite Sand





	Physical properties
	



	Density (g/cm3)
	2.2



	Specific surface area (m2/g)
	460



	Minimum particle size (mm)
	1



	Maximum particle size (mm)
	3



	Chemical analysis (%)
	



	SiO2
	65.23



	CaO
	1.98



	Al2O3
	13.43



	MgO
	1.33



	Fe2O3
	1.63



	SO3
	-



	K2O
	-



	TiO2
	-



	MnO
	-



	Loss
	16.31
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Table 3. Mix proportions.
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Mixture Name

	
Activator

	
Internal Curing Liquid

	
Slag

	
Liquid/Binder

	
Sand/Binder




	
Basic Liquid/Binder

	
Additional Liquid/Binder

	
Total Liquid/Binder

	
Sand

/%

	
Zeolite

Sand/%






	
Z0

	
NaOH

Solution

	
-

	
1

	
0.55

	
-

	
0.55

	
100

	
-




	
A-Z15

	
NaOH

Solution

	
0.017

	
0.567

	
85

	
15




	
A-Z30

	
0.035

	
0.585

	
70

	
30




	
W-Z15

	
Deionized

Water

	
0.024

	
0.574

	
85

	
15




	
W-Z30

	
0.048

	
0.598

	
70

	
30
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