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Abstract

:

The performance of alkali-activated slag (AAS) under thermal treatment has received particular attention. In this study, the effect of five elevated temperatures (25, 200, 400, 600, and 800 °C) and two cooling methods (air cooling and water spraying) on the mechanical and durability properties, microstructure, and phase evolution of AAS was investigated. The results show that AAS mortars exhibit higher resistance to thermal attack than OPC in terms of strength and durability. AAS samples cooled in air show higher residual strength than those cooled by spraying water, which is mainly attributed to fewer cracks formed in the former. The resistance to carbonization of exposed AAS mortars depends on the pore size distribution, while that to chloride ion penetration depends on the porosity. Cooling methods show a minor effect on the phase evolution of reaction products, suggesting that the microstructure degradation is mainly responsible for the damage of AAS structures. This study provides fundamental knowledge for the thermally induced changes on AAS which contributes new ideas for the development of construction structures with higher fire resistance.
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1. Introduction


The consumption of ordinary Portland cement (OPC), which is the basic material for construction buildings, has remained high in recent decades due to the continuous acceleration of global urbanization [1]. There are around 0.87 tons of greenhouse gas emissions during the production of 1 ton of OPC [2]. The OPC products are generally perceived to be fire-resistant, but with a significant deterioration of the mechanical strength and spalling at high temperatures above 400 °C [3]. The rapid loss of free water and bound water from the hydration products (calcium silicate hydrate and calcium hydroxide) of OPC is regarded as responsible for the strength loss. The spalling of the protection layer of reinforcement products could expose the steel bar to the fire environment and cause the building to collapse. Thus, alkali-activated materials (also called geopolymers) have received attention as their low carbon footprint and higher resistance to elevated temperature compared to OPC [4,5,6,7]. The geopolymer derived from alkali-activated slag (AAS) can be applied as construction material in specific applications that need a higher resistance to fire or high temperature [8,9,10,11]. In addition, due to the wide variety of building materials, the chemical components are diverse. In the case of fire, the indoor or air temperature can reach different levels, with values even as high as 800 °C. Therefore, four temperatures of 200 °C, 400 °C, 600 °C, and 800 °C were taken as the research object.



Although recent studies showed the high residual strength and the advantages of AAS in high-temperature applications [11], the explanations regarding the reason for the degradation of the strength after high temperatures are inconsistent. AAS shows higher residual flexural strength and lower mass loss when exposed to high temperatures from 200 to 800 °C and cooled in air, which is due to the increased thermal incompatibility between matrix contraction and aggregate expansion in AAS concrete [12]. The great thermal shrinkage and increased micro cracking in both AAS and OPC contribute to the strength loss [3]. However, the dehydration of calcium hydroxide (CH) is thought to be the main reason for the thermal shrinkage of OPC paste, while less or no formation of CH in AAS is a reason for its higher fire resistance [13]. AAS cured at room temperature shows slightly increased compressive strength when exposed to 200 °C, which is due to the further hydration of unreacted raw materials [14].



The cooling method is an influential factor that cannot be ignored when investigating the performance of AAS after exposure to fire. Two cooling methods are proposed considering practical application, i.e., air cooling and water spraying. Most studies regarding thermal attack focused on air cooling [15], while rare studies compared the difference between air cooling and water spraying. Water spraying may cause rapid shrinkage and cracks on the surface of the structure, but the water may contribute to the rehydration of the exposed materials, making up for the loss of calcination. The effect of spraying water on AAS and OPC exposed to different temperatures is not clear.



The service life of a construction building exposed to high temperature is another concern when studying the fire resistance of building materials, as the effect of the thermal attack on durability is still not understood. The durability of construction structures highly depends on the pore structure [16,17]. The low porosity of AAS incorporated with fine silica fume shows higher resistance to chloride ion penetration [18]. Similarly, reduced porosity and average pore size in AAS are reported as the main reasons for its higher resistance to carbonization [19,20]. The carbonization of AAS is also related to the reaction products formed during hydration and the alkalinity of the pore solution, which are also influenced by the thermal treatment and cooling methods. Thus, the influence of the thermal attack and cooling methods on the resistance to carbonization and ion penetration should be explored.



To investigate the effect of thermal attack and cooling methods on the mechanical properties and durability of the AAS, this study evaluates the performance of AAS mortars under different evaluated temperatures, i.e., 25, 200, 400, 600, and 800 °C, and two cooling methods (air cooling and water spraying). To better understand the change in microstructure and phase evolution, technical characterizations of the AAS paste exposed to different evaluated temperatures and cooling methods were applied, such as low-field nuclear magnetic resonance (LF-NMR), X-ray diffraction, and Fourier-transform infrared spectroscopy (FTIR). This research provides an experimental and theoretical basis for AAS in special applications with high temperatures.




2. Experimental Program


2.1. Materials


Ground granulated blast furnace slag (GGBFS) and OPC (type 52.5) were collected from Qingdao Municipal Group Concrete Industry Engineering Co., Ltd., Qingdao, China. The chemical composition of GGBFS and OPC analyzed by X-ray fluorescence (XRF) that is made by German Brooke manufacturer is given in Table 1. GGBFS is classified as alkaline with an alkalinity coefficient of 1.18 and hydraulicity modulus of 2.05 as per GB/T 18046-2017 [21].



River sand with a fineness modulus of 2.4 was used as fine aggregate, which belongs to the category of middle sand [22]. The activator solution for activating the GGBFS was prepared by dissolving sodium hydroxide powder (99 wt.% purity) in sodium silicate solution (Na2O = 8.54% (mass), SiO2 = 27.3%) and water to reach a modulus (SiO2/Na2O) of 1.8 and alkali content (Na2O) of 9 wt.% of the precursor powders. The water-to-binder ratio of the activator was set to 0.61 to reach a similar compressive strength to the OPC samples. The activating solution was allowed to equilibrate at room temperature prior to use.




2.2. Specimen Preparation


The specimens were prepared under laboratory conditions, and the mixed proportions of the AAS and OPC are shown in Table 2. For AAS mortars, GGBFS and sand were mixed for 1.5 min with a mortar mixer which is made by Shanghai Nanfang Pavement Machinery Co., Ltd., Shanghai, China. The activator was then added, and the mixture was mixed for another 2 min. According to [23,24,25], the fresh mortar was cast in cubic molds (70.7 mm × 70.7 mm × 70.7 mm) for visual appearance and carbonization tests, rectangular molds (40 mm × 40 mm × 160 mm) for strength tests, and cylindrical molds (Φ 100 mm × 50 mm) for the chloride ion penetration test. The AAS pastes were prepared by mixing GGBFS and activators for 2 min and cast in the rectangle molds (40 mm × 40 mm × 160 mm). After 24 h of curing at room temperature, the specimens were demolded and transferred to the water bath for another 27 days of curing. The OPC mortars and pastes followed a similar preparation process. It should be noted that the water reducer was based on the weight percentage (%) of OPC and mixed with water first before being mixed with the dry materials. For the convenience of classification and description, the air cooling of alkali-activated mortar specimens and ordinary Portland cement mortar specimens with the same strength is represented by “A”, water spraying is represented by “W”, and the temperature is represented by the highest number. For example, specimens excited by water glass heated at 600 °C and cooled by air can be expressed as “AAS-A-600”.




2.3. Testing Procedures


2.3.1. High-Temperature Test and Cooling Test


All samples were pre-dried to a constant weight in an oven at 105 °C before the high-temperature test to avoid bursting due to rapid evaporation of water. An electric furnace (SRJJ-20-13) with a voltage of 380 V and power of 10 kW was used, which is made by Hefei Fushe Thermal Equipment Co., Ltd., China. Samples were heated to 200, 400, 600, and 800 °C at a heating rate of 10 °C/min, and held at the designed temperature for 2 h. A minor amount of steam began to overflow out the furnace after 150 °C during the calcination process (designated temperature of 200 °C). For samples exposed to 400 °C or above, there was a large amount of steam that came out from the furnace when the temperature reached approximately 300 °C. It should be noted that the OPC cylinders cracked at around 390 °C, and OPC samples were not exposed to 600 °C and 800 °C considering the safety issue. The details are shown in the next section.



Two cooling methods (air cooling and water spraying) were adapted. The air-cooled samples were taken out from the furnace immediately after the high-temperature test and cooled to room temperature on a laboratory bench (23 ± 2 °C, Rh = 45% ± 5%) for 24 h. The water-sprayed samples were cooled by spraying tap water on the surface of samples for 10 min (simulated fire sprinkler cooling) and then cooled on a laboratory bench for 24 h. The cooled samples were subjected to further tests.




2.3.2. Physical Properties Tests


The change in appearance of cubic samples was observed using a digital microscope which is made by Shenzhen Chensheng Optical Instrument Co., Ltd., China. Three rectangular samples from each mix were first subjected to a flexural strength test with a DYE-300 electro-hydraulic servo pressure testing machine which is made by Shanghai Songgdun Instrument Manufacturing Co., Ltd., China at a loading rate of 50 kN/s (three-point loading with a span length of 100 cm). The fractured samples were used to test the compressive strength at a loading rate of 2.4 kN/s, which was determined according to a strength grade greater than 5 MPa [24].




2.3.3. Durability Test


The cooled mortars for the carbonization test and water absorption test from each mix were dried at 60 °C oven for 48 h before durability tests. The carbonization test was conducted on one surface of the cubic mortars, with the remaining surfaces waxed. The cubic mortars then were kept in a carbonization chamber (THB, Jinggangyuan) at a temperature of 20 ± 3 °C, relative humidity of 70% ± 5%, and CO2 concentration of 20% ± 3%. After 3 days, 7 days, 14 days, and 28 days, samples were taken out from the chamber and split in the middle. The phenolphthalein alcohol solution (1%) was sprayed on the fracture surface. The carbonization depth and calcination depth were tested with 10 test points per edge by a vernier caliper (as shown in Figure 1). The carbonization depth of each specimen could be calculated by subtracting the final calcination depth from the average of the carbonization and calcination depth.



A water absorption test was conducted according to the previous study [26] with cubic mortars. The absorbed water amount was recorded with intervals such as 15 min, 30 min, 1 h, 1.5 h, 2 h, 2.5 h, 3 h, 4 h, 5 h, 6 h, 7 h, 8 h, 24 h, and 48 h.



A chloride diffusion test by the rapid chloride migration (RCM) method was conducted with cylindrical mortars according to the general guidelines provided by NT Build 492 and GB/T 50082-2009, as well as a previous study [27]. The cylindrical mortars were saturated in a vacuum saturation instrument which is made by Cangzhou Yixuan Test Instrument Co., Ltd., China, and the surfaces that formed the sides of the cylinder were sealed by wax. Figure 2 shows the details regarding the testing process. It should be noted that carbonization and chloride ion penetration require pre-suctions of the dried specimens before the test.




2.3.4. Characterization Test


X-ray diffraction (XRD) patterns of AAS and OPC pastes were collected using a high-temperature in situ XRD instrument in the scan range of 10°–50° 2θ with a slow scan rate. The samples were heated with a heating rate of 10 °C/min and held at the designed temperature for 5 min before collecting the patterns. The Fourier-infrared (FTIR) spectrum which is made by Tianjin Jingtuo Instrument Technology Co., Ltd., China was collected by a Renishaw 71J012. The samples were prepared with a 100–200 mg KBr pellet with around 1–2 mg of pastes. The absorption mode was adapted in the scanning range of 4000–400 cm−1. The low-field NMR (LF-NMR) spectrum which is made by Suzhou Niumai Analytical Instrument Co., Ltd., China was collected using a Niumag PQ001 spectrometer with a Carr–Purcell–Meiom–Gill (CPMG) sequence. The magnetic field frequency was 18 MHz, and the magnetic field intensity was 0.42 T.






3. Results and Discussion


3.1. Physical Properties Analysis


3.1.1. Visual Appearance


Figure 3 shows the visual appearance of AAS and OPC mortars after being exposed to different elevated temperatures and cooling methods. As the exposure temperature increased, the cracks generated on the surface of the AAS mortars, cooled in air or by spraying water, gradually increases and widened. At 400 °C, AAS mortars cooled by water spraying demonstrated significant surface peeling. When the temperatures increased to 600 and 800 °C, wide cracks formed on the surface of AAS mortars. The samples cooled in air showed more small cracks than those cooled by spraying water. This might have been due to the rehydration on the surface of samples when sprayed by water. On the other hand, water is cooler than air. Additional pressure was generated due to uneven cooling during watering, which led to spalling of the surface layer of the specimen.



For OPC mortars exposed to 200 °C, the pastes and sand started to peel off from OPC mortars, especially for samples cooled by water spraying. When the temperature increased to 400 °C, connected cracks appeared on the surface of OPC samples. The cracks broadened from 0.033 mm on the surface of samples cooled in air to 0.064 mm when the samples were cooled by water. The above results are basically consistent with the research results of Shoaib [28].



The free water began to evaporate from the samples, along with the generations of shrinkage and cracks, when mortars were exposed to 200 and 400 °C. At higher temperatures, the reaction products underwent dehydration, causing significant shrinkage and cracking. AAS mortars showed higher resistance to shrinkage and cracking than OPC mortars, which suggests less emission of water. Although water spraying caused wide and large cracks on the surface of the sample, the rehydration of the sample surface could reduce the formation of microcracks. The above results are consistent with the research results of Colins [29].




3.1.2. Compressive and Flexural Strength


Figure 4 shows the compressive strength of each group of specimens before and after exposure to different elevated temperatures and cooling methods. The compressive strength of AAS mortars cured at 25 °C for 28 days reached 85 MPa. The compressive strength of AAS mortars increased after exposure for 2 h at a 200 °C furnace, while the compressive strength of samples cooled in air increased to 108 MPa (by 27%) and that cooled by water spraying increased to 97 MPa (by 14%). High temperature promoted further hydration of the unreacted components in AAS samples at 200 °C along with the formation of additional calcium aluminosilicate hydrates (C-A-S-H) which are the source of compressive strength [30]. The inside of AAS mortars stayed at a reasonably high temperature (200–250 °C) and high pressure (>1.0 MPa), which promoted further hydration [31]. The compressive strength of AAS mortars gradually declined as the exposure temperature increased from 200 to 800 °C. Specifically, the compressive strength of AAS was reduced by 87.8% and 86.1% after exposure for 2 h at 800 °C. This was due to the decomposition of the C-A-S-H gels and the formation of connected cracks in the samples, further reducing the compressive strength of samples.



For OPC mortars, the samples cured at 25 °C showed around 82 MPa of compressive strength, comparable to the AAS mortars. The strength of samples exposed to 200 °C increased to around 88 MPa (increased by 7%) after cooling in air and decreased to 77 MPa (decreased by 6%) after water spraying. When the treatment temperature increased to 400 °C, the compressive strength of OPC mortars was slightly lower than that at 200 °C. As shown in Figure 3, the mortars exposed to 400 °C generated obvious cracks but minor strength loss. This indicates that the cracks formed on the surfaces of samples were not penetrating. The influence of cracks on the compressive strength was less than the rehydration effect. This is different to the AAS mortars that showed a continuous decline in compressive strength with the minor formation of cracks upon exposure to 400 °C. This might have been due to the dehydration and decomposition of C-A-S-H gel at 300–400 °C [32,33].



As known, samples cooled by water spraying promote the formation of additional calcium silicate hydrates (C-S-H) in OPC mortars, which help to increase the compressive strength. However, the formation of cracks due to a rapid temperature change causes a substantial loss of compressive strength.



In terms of the above results, AAS mortars showed a higher increase in compressive strength than the OPC sample when exposed to 200 °C. This was due to a larger amount of rehydration in AAS mortars than OPC mortars. There were different reaction products formed in AAS and OPC, with more C-A-S-H gels formed in the former than C-S-H in OPC when exposed to 200 °C. On the other hand, the difference in the coefficient of thermal expansion between C-A-S-H and fine aggregates is smaller than that between C-S-H and fine aggregates, confirmed by the lower formation of cracks in AAS samples. Although AAS samples showed a significant loss of compressive strength (dropped by 78%), the integrity of the sample was still maintained. The above results are basically consistent with the research results of Hubler [34].



Figure 5 shows the flexural strength of each group of specimens exposed to different elevated temperatures and cooling methods. The flexural strength of all groups of specimens decreased gradually with the increase in heating temperature. After being exposed to 200 °C for 2 h, the flexural strength of AAS mortars cooled in air and by water spraying decreased by around 34.0% and 47.1%, respectively, while that of the OPC mortars decreased by around 4.3% and 23.5%. The flexural strength of AAS mortars continually decreased by 90% as the temperature increased to 800 °C.



According to Gu et al. [35], the rapid reaction at elevated temperature led to large chemical shrinkage in the specimen, and it also led to the formation of microcracks in the early stage. The flexural strength of AAS mortars decreased more quickly than that of OPC mortars, suggesting that the flexural strength of AAS mortars is more sensitive to thermal damage than OPC mortars [35,36]. The flexural strength of AAS mortars was much lower than that of OPC mortars when exposed to 400 °C, with the latter showing more cracks on the surface. There are two reasons related to this phenomenon. The original flexural strength of OPC is higher than that of AAS, indicating the higher flexural strength of C-S-H gel than C-A-S-H gel. On the other hand, the negative impact caused by cracks on flexural strength is also less than the effect of hydration products. The effect of cooling methods on the flexural strength of AAS mortars was not as significant as on the compressive strength. Water spraying of the OPC mortar exposed to 200 °C had a significant negative effect on its flexural strength. At 400 °C, the significant decrease in flexural strength reduced the difference in cooling methods.





3.2. Durability Performance


3.2.1. Carbonization


Figure 6 shows the carbonization depth of AAS and OPC mortars during exposure to the carbonization test. The carbonization depth increased with the exposure time. The carbonization depth of AAS mortars cured at 25 °C was around 7 mm after being exposed to the CO2 chamber for 3 days and increased to 18 mm after 28 days. The OPC mortars cured at 25 °C showed much lower carbonization depth (less than 3 mm after 28 days).



After 200 °C calcination, the carbonization depth of AAS mortars cooled in air and by water spraying decreased to 4 mm and 6 mm at 3 days, respectively. Then, the carbonization depth of AAS mortars increased rapidly to around 35 mm and 41 mm at 28 days. The carbonization depth of AAS mortars increased significantly upon an increase in temperature above 400 °C. The AAS mortars exposed to 600 °C and cooled in water reached 70 mm of carbonization depth at 3 days. For AAS mortars exposed to 800 °C, the carbonization depths of samples cooled in air and by water spraying reached around 70 mm after 3 days of exposure to the CO2 chamber. At 28 days, the carbonization depth of AAS mortars exposed to temperatures over 400 °C reached 70 mm regardless of the cooling method. The samples cooled by water spraying showed higher carbonization depth compared to those cooled in air, suggesting higher porosity of the latter, which is consistent with the strength properties. The OPC mortars showed obviously less carbonization depth than AAS mortars, related to the different carbonization mechanisms in AAS and OPC mortars. The CH inside OPC mortars firstly reacts with the CO2 and then C-S-H gels, while the C-A-S-H gels in AAS directly participate in the carbonization [37]. Thus, the loss of alkalinity in AAS was faster, and the carbonization depth determined by the color response was higher than in OPC mortars. In terms of the above results, water spraying significantly increased the carbonization depth of AAS and OPC mortars.




3.2.2. Chloride Ion Penetration


Figure 7 shows the chloride (Cl−) diffusion coefficient (CDC) of AAS and OPC mortars under different cooling methods. The AAS mortars exposed to 800 °C were not suitable for the chloride diffusion test, as the significant cracking inside AAS samples posed a high risk of the electrode plates burning. Due to sample destruction, OPC mortars exposed to temperatures above 400 °C were also unsuitable for the ion penetration test. The unexposed AAS and OPC mortars showed similar initial chloride diffusion coefficients, indicating their similar pore structures before exposure to thermal attack. After being exposed to 200 °C, the CDC of OPC mortars increased significantly, especially when cooled by water spraying, which displayed a 47% higher value. This was mainly related to the change in pore structures in the samples. Thermal attack caused the formation of connected cracks inside samples, promoting the penetration of Cl− ions. When the exposure temperature increased to 200 °C, the CDC of AAS mortars reduced slightly, before increasing dramatically with temperature. The reduced CDC values confirm the continued hydration and promoted pore structure when AAS samples were exposed to 200 °C. Upon an increase in temperature, the formed cracks inside samples accelerated the penetration of Cl− ions. In terms of the above results, the thermal attack significantly reduced the resistance of AAS and OPC samples to chloride ion penetration, while cooling methods had a minor influence on the CDC of the AAS mortars. The change in durability of samples was strongly related to the change in pore structure. The above results are basically consistent with the research results of Zhu [16,38].





3.3. Pore Structure Analysis


3.3.1. Low-Field NMR Analysis


The pore size distribution and porosity have an important influence on the mechanical and durability performance of mortars. According to the distribution of pore size, Wu [39] divided pores inside concrete into harmless pores (≤20 nm), less harmful pores (20–50 nm), harmful pores (50–200 nm), and very harmful pores (≥200 nm). According to the bout model [40], the pore size can be divided into gel pores (1–10 nm), transition pores (10–100 nm), capillary pores (100–1000 nm), and macropores (>1000 nm). According to the bout model, to reflect the influence of harmful pores, the pore diameters were divided into the following intervals: <10 nm, 10–50 nm, 50–100 nm, 100–1000 nm, and >1000 nm.



Figure 8 shows the changes in porosity of specimens exposed to different elevated temperatures and cooling methods. The porosity of AAS mortars cured at 25 °C was 22.6%, while the porosity of OPC mortars was 11.3%. After being exposed to 200 °C, the porosity of AAS mortars cooled in air and water reduced to 12.5% and 13.5%, respectively. The reduced porosity was due to the rehydration of raw materials in AAS mortars with the formation of reaction products (C-S-H gel and C-A-S-H gel) [41]. The porosity increased gradually due to the dehydration of reaction products as the temperature increased from 200 °C to 600 °C, but remained lower than that before exposure to thermal treatment. At 800 °C, the porosity of AAS mortars was the lowest, related to the ceramization of the reaction products under high temperatures [42]. OPC mortars showed a continuous increase in porosity with temperature, while samples cooled in air showed lower porosity than those cooled by water spraying. This was due to the rapid cooling with water spraying causing higher temperature stress and further increasing the porosity of samples [43].



Figure 9 shows the percentage pore size distribution of AAS and OPC samples cured at 25 °C for 28 days. The harmful pores in the AAS mortar accounted for 13.8%, while the harmful pores in OPC mortar accounted for 37.2%. According to Figure 8 and Figure 9, AAS mortars showed higher porosity with a lower number of harmful pores (>100 nm) than OPC mortar specimens. The higher number of gel pores (<10 nm) of AAS mortars indicated a higher formation of reaction products [44].



Figure 10 shows the percentage pore size distribution of AAS mortars and OPC mortars under different cooling methods. From Figure 10a, with the increase in temperature, the percentage of less harmful pores (<100 nm) first decreased and then increased. At 200 °C, the AAS-A mortar still maintained 35% gel pores. When the temperature was greater than 200 °C, the number of gel pores in the AAS-A mortar overwhelmingly decreased. However, the AAS-W mortar showed a higher number of gel pores than the AAS-A mortar. This suggests that rehydration of mortars occurred when samples were cooled by water spraying. From Figure 10b, with the increase in temperature, the percentage of harmful pores first increased and then decreased when the temperature reached 800 °C. The proportion of gel pores in OPC-A mortars developed steadily with the increase in temperature. However, the proportion of gel pores in OPC-W mortars increased to the highest value when exposed to 400 °C.



The temperature and cooling methods had a significant influence on the pore size distribution of the mortars. The water-sprayed mortars showed a higher percentage of gel pores, indicating the rehydration of samples during the cooling process. AAS mortars cooled in air were composed of a higher number of harmful pores than those cooled by water spraying. OPC mortars showed a higher number of harmful pores than AAS before exposure to high temperature, the opposite pore size distribution to AAS mortars. The above results are basically consistent with the research results of [45,46].




3.3.2. Capillary Water Absorption


Figure 11 shows the water absorption of AAS and OPC mortars cured at 25 °C for 28 days. There was an obvious linear relationship between the water absorption mass per unit area and the square root of time. The water absorption mass per unit area of the AAS mortar was greater than that of the OPC mortar, confirming the higher porosity of AAS mortars than OPC mortars.



Figure 12 and Figure 13 show the water absorption of OPC and AAS mortars under different cooling methods after elevated temperature treatment. For OPC mortars, the absorbed water derived by capillary force increased with the increase in absorption time and temperature. Comparing the two cooling methods, the water absorption of the air-cooled specimen was lower than that of the water-sprayed specimen at the same temperature, confirming the lower porosity of air-cooled samples. This suggests that water spraying caused more damage to the interior of the specimens than air cooling. For AAS mortars, the absorption rate of samples increased with the increase in temperature. In particular, when exposed to 800 °C, samples reached the highest absorbed water amount in the first 30 min. The pore structures analyzed by LF-NMR confirmed the water absorption amount. The cracks formed during water spraying enhanced the absorbed water amount and accelerated the absorbance rate.




3.3.3. Relative Dynamic Elastic Modulus


Figure 14 shows the ultrasonic pulse velocity of AAS and OPC mortars after elevated temperature treatment. The ultrasonic pulse velocity of mortars decreased significantly with the increase in temperature. The decrease in pulse velocity was initially due to the loss of water in specimens. With the increase in temperature, the formation of cracks inside samples reduced the pulse velocity [47]. This was due to cracks inside the samples reducing the ultrasonic pulse velocity. However, samples cooled in water showed a higher ultrasonic pulse velocity due to the absorbed water refilling the small cracks inside samples. The ultrasonic pulse velocity could reflect the damage caused by high temperature, exhibiting no direct relationship with the compressive strength. AAS mortars showed increased compressive strength but reduced ultrasonic pulse velocity when exposed to 200 °C. The further hydration of raw materials could help improve the compressive strength, albeit with the generation of internal cracks. The AAS mortars after the 800 °C treatment showed the lowest porosity with the lowest ultrasonic pulse velocity. This was due to the transformation of hydration products in the specimen from the amorphous phase to the crystalline phase, which filled the pores and reduced the porosity. However, the internal damage of mortar caused by thermal shrinkage hindered the wave propagation and reduced the ultrasonic pulse velocity. The surface cracking of the OPC mortar specimen was not obvious after exposure to the elevated temperature of 200 °C. The decreased ultrasonic pulse velocity within 200 °C was caused by the removal of free water in the specimen. When the temperature increased to 400 °C, the ultrasonic pulse velocity of OPC mortar cooled in water was higher than that cooled in air. This is because the surface and internal cracks of the specimen increased after elevated temperature heating at 400 °C, and the water entered the cracks after spraying, resulting in a slow decline in ultrasonic pulse velocity. The above results are basically consistent with the research results of Han [48].





3.4. Phase Evolution


3.4.1. XRD Analysis


Figure 15 shows the in situ XRD patterns of AAS and OPC pastes as the temperature increased from 25 °C to 800 °C. The AAS samples showed an amorphous hump at around 2θ/29°, with diffraction peaks characterized as C-S-H and C-A-S-H gel [32]. There was no diffraction peak of calcium hydroxide (CH). With the increase in temperature, the hump intensity of AAS paste was reduced due to the decomposition of C-S-H and C-A-S-H gels. At 600 °C, the diffusion peak of C-S-H and C-A-S-H phases almost disappeared. After heating to 800 °C, the diffraction peak of C-S-H in AAS paste disappeared with the formation of akermanite and gehlenite. This confirmed that the compressive strength of AAS mortars was highly related to the existence of amorphous C-A-S-H gels.



As shown in Figure 15 the OPC sample cured at 25 °C for 28 days showed the formation of C-S-H, CH, C2S, and C3S characteristic peaks, indicating that the specimen was not completely hydrated. With the increase in temperature, the diffraction peak intensity of C-S-H gradually decreased, suggesting that the elevated temperature promoted the dehydration and decomposition of C-S-H into C2S and C3S [49]. After heating to 600 °C, the diffraction peaks for CH disappeared, while the diffraction peak intensity of CaO became stronger. During the curing of cement paste, the cement paste was carbonized to form CaCO3. Decarburization of CaCO3 in cement paste occurs above 650 °C [50], transforming into CaO and CO2; thus, the diffraction peak of CaO increased in the 800 °C diffraction pattern.




3.4.2. FTIR Analysis


Figure 16 shows the infrared spectrum of AAS paste after exposure to different temperatures. For the samples cured at 25 °C, the main broad band at around 970 cm−1 was attributed to the asymmetric stretching vibration of Al-O and Si-O bonds from a single tetrahedral ZO4 (Z=Si, Al) [51]. This band was an overlap formed by the superposition of stretching modes of the crystalline phase and glass phase. Puertas and Torres-Carrasco [52] showed that the asymmetric stretching vibration of the Si-O bond in the SiO4 tetrahedron existed in the absorption band of 967–971 cm−1, which is a significant feature of C-A-S-H in the sample. The second most dense band at 450 cm−1 was attributed to the typical in-plane bending mode of Al-O and Si-O bonds [53]. The contribution of Al-O vibration to the observed characteristics was lower, because the aluminum-to-silicon ratio in the AAS sample was around 1–6 [19]. The terminal OH groups from free water and bound water were represented by a wide band centered at approximately 3200 cm−1 and a weak band centered at approximately 1640 cm−1, respectively. The small band at around 1450 cm−1 indicated the stretching vibration of C-O bonds in carbonates.



During elevated temperature treatment, the strength of the diffusion bands at 3440–3450 cm−1 and 1640 cm−1 decreased due to the evaporation of free water and dehydration of reaction products. However, the hydroxyl group band at around 3450 cm−1 remained in the OPC samples at 800 °C, which was caused by water absorption during sample preparation. After 600 °C treatment, the peak for carbonates in samples disappeared due to the decomposition. At 800 °C, the smooth Si-O bond band of OPC paste was divided into four small bands at around 1020, 982, 935, and 850 cm−1, indicating the increased order of the silicate network, which is consistent with the XRD results. The dense zone at 935 cm−1 represented the extension mode of nonbridging oxygen in disilicate, which exists in akermanite above 700 °C. The other peaks may have been related to the extension of bridging and nonbridging oxygen atoms in the ZO4 tetrahedron in the crystalline phase or to a second extension in the glass phase. The band at 850 cm−1 was contributed by the asymmetric stretching vibration of the Al-O bond, which also proved the existence of gehlenite AAS paste after being exposed to 800 °C. The symmetric stretching and bending deformation of SiO4 and MgO4 groups exhibited several small bands between 600 and 750 cm−1. The peak at 680 cm−1 indicated that aluminum in the system appeared with a coordination number of four. The strong band at 473 cm−1 was caused by the vibration of ring silicate.



There were minor differences among the spectra of the OPC samples cooled in air and water. This was due to the water cooling having a minor effect on the functional groups of the hydration products. This suggests that cooling methods have a significant influence on the microstructure and further mechanical properties, with a minor influence on the reaction products.



Figure 17 shows the FTIR spectrum of OPC paste after elevated temperature, in which the main absorption peaks are marked. The absorption peak at 980 cm−1 of OPC paste cured at 25 °C was contributed by Si-O stretching vibration in C-S-H. The small peak at around 875 cm−1 and broad band at around 1420 cm−1 were recognized as the asymmetric vibration of the C-O bond in carbonates (    CO  3   2 −     ). The broad band at 3640–3700 cm−1 was contributed by the O-H vibration in free water, while the sharp peak at 3650 cm−1 was caused by OH− stretching vibration in crystal water (i.e., CH). With the increase in temperature from 25 °C to 400 °C, the absorption peak at 980 cm−1 gradually widened with the decreased intensity of water and carbonates. After 600 °C, one can note the formation of two peaks at 1520 and 1400 cm−1 and the increased intensity of the band at 875 cm−1. This was due to the decomposed reaction products being carbonized during thermal treatment. It should be noted that CH existed in the samples exposed to 600 and 800 °C, which is in contrast to the XRD analysis results. This is because the XRD test was conducted with an in situ calcination instrument in a closed environment. However, the FTIR test was conducted with the cooled samples, whereby the CaO from the decomposition of reaction products reacted with water from air and water to regenerate Ca(OH)2. It was similarly concluded from the results of OPC pastes that cooling methods had a minor effect on the reaction products.






4. Conclusions


In this paper, the effects of different cooling methods on the microstructure, mechanical properties, and durability performance of AAS mortars after high-temperature treatments were investigated. The main conclusions drawn were as follows:




	(1)

	
During thermal treatment, OPC mortars showed less resistance to thermal attack with the formation of wide cracks on the surface when the temperature increased to 400 °C. Samples cooled by spraying water showed significant peeling and wider cracks than those cooled in air, while the latter were filled with tiny cracks.




	(2)

	
The compressive strength of AAS mortars increased first and gradually declined as the exposure temperature increased from 25 to 800 °C, while the samples cooled in air showed higher residual strength than those cooled by spraying water. The rehydration of AAS samples with spraying water could not offset the effect of thermal damage on the strength, which was even worse than in samples cooled in air. The effect of cooling methods on the flexural strength of AAS mortars was not significant.




	(3)

	
The unexposed AAS mortars showed higher porosity but fewer harmful pores (>100 nm) than OPC mortars. After being exposed to thermal treatment, OPC mortars showed higher porosity than AAS mortars but with a lower formation of harmful pores. AAS mortars cooled by spraying water showed fewer harmful pores and more macropores (>1000 nm) than those cooled in air.




	(4)

	
AAS mortars cooled in air showed a slower carbonization rate and less chloride ion penetration than those cooled by spraying water. OPC mortars showed higher chloride ion penetration but much less carbonization than AAS mortars. The water absorption and dynamic elastic modulus tests proved that more serious internal damage occurred inside water-sprayed samples.




	(5)

	
The AAS pastes cooled in air and by spraying water showed comparable results regarding the phase change, suggesting a minor effect of cooling methods on the phase evaluation of mortars. During thermal treatment, the phase transformation of AAS paste was more obvious than that of OPC paste with higher crystallization.













Author Contributions


Data curation, Y.W., Y.C., W.G., and Y.D.; funding acquisition, P.W.; investigation, Y.C.; methodology, H.F., Y.W., Y.C., W.G., and Y.D.; writing—original draft, H.F. and R.M.; writing—review and editing, H.F. and P.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research presented in this paper was jointly sponsored by the Ningbo 2025 Science and Technology Major Project (2020Z035) which is funded by Ningbo Science and Technology Bureau, the Mount Taishan Scholar of Shandong Province (TS20190942) which is funded by Shandong Provincial Department of Science and Technology, and the 1st Discipline project funded by the Education Department of Shandong Province.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rivera, O.G.; Long, W.R.; Weiss, C.A., Jr.; Moser, R.D.; Williams, B.A.; Torres-Cancel, K.; Gore, E.R.; Allison, P.G. Effect of elevated temperature on alkali-activated geopolymeric binders compared to portland cement-based binders. Cem. Concr. Res. 2016, 90, 43–51. [Google Scholar] [CrossRef]

	



Damtoft, J.S.; Lukasik, J.; Herfort, D.; Sorrentino, D.; Gartner, E.M. Sustainable development and climate change initiatives. Cem. Concr. Res. 2008, 38, 115–127. [Google Scholar] [CrossRef]

	



Guerrieri, M.; Sanjayan, J.; Collins, F. Residual strength properties of sodium silicate alkali activated slag paste exposed to elevated temperatures. Mater. Struct. 2010, 43, 765–773. [Google Scholar] [CrossRef]

	



Zhao, R.; Sanjayan, J.G. Geopolymer and Portland cement concretes in simulated fire. Mag. Concr. Res. 2011, 63, 163–173. [Google Scholar] [CrossRef]

	



Walkley, B.; Kashani, A.; Sani, M.-A.; Ngo, T.; Mendis, P. Examination of alkali-activated material nanostructure during thermal treatment. J. Mater. Sci. 2018, 53, 9486–9503. [Google Scholar] [CrossRef]

	



Pacheco-Torgal, F.; Abdollahnejad, Z.; Camões, A.F.; Jamshidi, M.; Ding, Y. Durability of alkali-activated binders: A clear advantage over Portland cement or an unproven issue? Constr. Build. Mater. 2012, 30, 400–405. [Google Scholar] [CrossRef]

	



Luna-Galiano, Y.; Cornejo, A.; Leiva, C.; Vilches, L.; Fernández-Pereira, C. Properties of fly ash and metakaolín based geopolymer panels under fire resistance tests. Mater. Construcción 2015, 65, 1–13. [Google Scholar] [CrossRef]

	



Fernández-Jiménez, A.; Palomo, A.; Pastor, J.Y.; Martín, A. New Cementitious Materials Based on Alkali-Activated Fly Ash: Performance at High Temperatures. J. Am. Ceram. Soc. 2008, 91, 3308–3314. [Google Scholar] [CrossRef]

	



Bakharev, T. Thermal behaviour of geopolymers prepared using class F fly ash and elevated temperature curing. Cem. Concr. Res. 2006, 36, 1134–1147. [Google Scholar] [CrossRef]

	



Rashad, A.M.; Essa, G.M.F. Effect of ceramic waste powder on alkali-activated geopolymeric slag pastes cured in hot weather after exposure to elevated temperature. Cem. Concr. Compos. 2020, 111, 103617. [Google Scholar] [CrossRef]

	



Cai, R.; Ye, H. Clinkerless ultra-high strength concrete based on alkali-activated geopolymeric slag at high temperatures. Cem. Concr. Res. 2021, 145, 106465. [Google Scholar] [CrossRef]

	



Behfarnia, K.; Shahbaz, M. The effect of elevated temperature on the residual tensile strength and physical properties of the alkali-activated geopolymeric slag concrete. J. Build. Eng. 2018, 20, 442–454. [Google Scholar] [CrossRef]

	



Mendes, B.C.; Pedroti, L.G.; Vieira, C.M.F.; Marvila, M.; Azevedo, A.R.G.; de Carvalho, J.M.F.; Ribeiro, J.C.L. Application of eco-friendly alternative activators in alkali-activated materials: A review. J. Build. Eng. 2021, 35, 102010. [Google Scholar] [CrossRef]

	



Türker, H.T.; Balçikanli, M.; Durmuş, İ.H.; Özbay, E.; Erdemir, M. Microstructural alteration of alkali activated slag mortars depend on exposed high temperature level. Constr. Build. Mater. 2016, 104, 169–180. [Google Scholar] [CrossRef]

	



Najm, O.; El-Hassan, H.; El-Dieb, A. Ladle slag characteristics and use in mortar and concrete: A comprehensive review. J. Clean. Prod. 2021, 288, 125584. [Google Scholar] [CrossRef]

	



Wang, P.; Mo, R.; Li, S.; Xu, J.; Jin, Z.; Zhao, T.; Wang, D. A chemo-damage-transport model for chloride ions diffusion in cement-based materials: Combined effects of sulfate attack and temperature. Constr. Build. Mater. 2021, 288, 123121. [Google Scholar] [CrossRef]

	



Wang, P.; Mo, R.; Zhou, X.; Xu, J.; Jin, Z.; Zhao, T. A chemo-thermo-damage-transport model for concrete subjected to combined chloride-sulfate attack considering the effect of calcium leaching. Constr. Build. Mater. 2021, 306, 124918. [Google Scholar] [CrossRef]

	



Rostami, M.; Behfarnia, K. The effect of silica fume on durability of alkali activated slag concrete. Constr. Build. Mater. 2017, 134, 262–268. [Google Scholar] [CrossRef]

	



Shi, Z.; Shi, C.; Wan, S.; Li, N.; Zhang, Z. Effect of alkali dosage and silicate modulus on carbonation of alkali-activated geopolymeric slag mortars. Cem. Concr. Res. 2018, 113, 55–64. [Google Scholar] [CrossRef]

	



Cao, Y.; Wang, Y.; Zhang, Z.; Ma, Y.; Wang, H. Turning sandstone clay into supplementary cementitious material: Activation and pozzolanic reactivity evaluation. Compos. Part B Eng. 2021, 223, 109137. [Google Scholar] [CrossRef]

	



GB/T 18046-2017; Ground Granulated Blast Furnace Slag Used for Cement, Mortar and Concrete. China Standards Press: Beijing, China, 2017.

	



JGJ 52-2006; Standard for Technical Requirements and Test Method of Sand and Crushed Stone (or Gravel) for Ordinary Concrete. China Construction Industry Press: Beijing, China, 2006.

	



GB/T 1346-2011; Water Consumption, Setting Time and Stability of Cement Standard Consistency. China Standards Press: Beijing, China, 2011.

	



JTGE30-2005; Test Code for Cement and Cement Concrete in Highway Engineering. People’s Communications Press: Beijing, China, 2005.

	



GB/T 50082-2009; Standard for Test Methods of Long-Term Performance and Durability of Ordinary Concrete. Guangming Daily Press: Beijing, China, 2009.

	



Wang, Y.; Cao, Y.; Zhang, P.; Ma, Y.; Zhao, T.; Wang, H.; Zhang, Z. Water absorption and chloride diffusivity of concrete under the coupling effect of uniaxial compressive load and freeze–thaw cycles. Constr. Build. Mater. 2019, 209, 566–576. [Google Scholar] [CrossRef]

	



Zhang, P.; Li, D.; Qiao, Y.; Zhang, S.; Sun, C.; Zhao, T. Effect of Air Entrainment on the Mechanical Properties, Chloride Migration, and Microstructure of Ordinary Concrete and Fly Ash Concrete. J. Mater. Civ. Eng. 2018, 30, 04018265. [Google Scholar] [CrossRef]

	



Shoaib, M.M.; Ahmed, S.A.; Balaha, M.M. Effect of fire and cooling mode on the properties of slag mortars. Cem. Concr. Res. 2001, 31, 1533–1538. [Google Scholar] [CrossRef]

	



Collins, F.; Sanjayan, J.G. Cracking tendency of alkali-activated slag concrete subjected to restrained shrinkage. Cem. Concr. Res. 2000, 30, 791–798. [Google Scholar] [CrossRef]

	



Han, F.; Zhang, Z. Hydration, mechanical properties and durability of high-strength concrete under different curing conditions. J. Therm. Anal. Calorim. 2018, 132, 823–834. [Google Scholar] [CrossRef]

	



Tian, W.; Liu, Y.; Wang, W. Multi-structural evolution of conductive reactive powder concrete manufactured by enhanced ohmic heating curing. Cem. Concr. Compos. 2021, 123, 104199. [Google Scholar] [CrossRef]

	



Rovnaník, P.; Bayer, P.; Rovnaníková, P. Characterization of alkali activated slag paste after exposure to high temperatures. Constr. Build. Mater. 2013, 47, 1479–1487. [Google Scholar] [CrossRef]

	



Liu, X.; Ma, E.; Liu, J.; Zhang, B.; Niu, D.; Wang, Y. Deterioration of an industrial reinforced concrete structure exposed to high temperatures and dry-wet cycles. Eng. Fail. Anal. 2022, 135, 106150. [Google Scholar] [CrossRef]

	



Hubler, M.H.; Thomas, J.J.; Jennings, H.M. Influence of nucleation seeding on the hydration kinetics and compressive strength of alkali activated slag paste. Cem. Concr. Res. 2011, 41, 842–846. [Google Scholar] [CrossRef]

	



Gu, Y.-M.; Fang, Y.-H.; You, D.; Gong, Y.-F.; Zhu, C.-H. Properties and microstructure of alkali-activated geopolymeric slag cement cured at below- and about-normal temperature. Constr. Build. Mater. 2015, 79, 1–8. [Google Scholar] [CrossRef]

	



Tran, T.T.; Kwon, H.M. Influence of Activator Na2O Concentration on Residual Strengths of Alkali-activated geopolymeric slag Mortar upon Exposure to Elevated Temperatures. Materials 2018, 11, 1296. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Shi, C.; Zhang, Z.; Ou, Z. Durability of alkali-activated materials in aggressive environments: A review on recent studies. Constr. Build. Mater. 2017, 152, 598–613. [Google Scholar] [CrossRef]

	



Zhu, H.; Liang, J.; Xu, J. Research on anti-chloride ion penetration property of crumb rubber concrete at different ambient temperatures. Constr. Build. Mater. 2018, 189, 42–53. [Google Scholar] [CrossRef]

	



Wu, Z.W. An approach to the recent trends of concrete science and technology. J. Chin. Ceram. Soc. 1979, 7, 262–270. [Google Scholar]

	



Jin, S.S. Research on the Relationship between Microstructure Characteristic and Performance of Concrete; Beijing University of Technology: Beijing, China, 2010. [Google Scholar]

	



Nasr, D.; Pakshir, A.H.; Ghayour, H. The influence of curing conditions and alkaline activator concentration on elevated temperature behavior of alkali activated slag (AAS) mortars. Constr. Build. Mater. 2018, 190, 108–119. [Google Scholar] [CrossRef]

	



Li, M.; Luo, R.; Qin, L.; Liu, H.; Duan, P.; Jing, W.; Zhang, Z.; Liu, X. High temperature properties of graphene oxide modified metakaolin based geopolymer paste. Cem. Concr. Compos. 2022, 125, 104318. [Google Scholar] [CrossRef]

	



Care, S. Effect of temperature on porosity and on chloride diffusion in cement pastes. Constr. Build. Mater. 2008, 22, 1560–1573. [Google Scholar] [CrossRef]

	



Wang, Y.; Cao, Y.; Ma, Y.; Xiao, S.; Hu, J.; Wang, H. Fresh and hardened properties of alkali-activated fly ash/slag binders: Effect of fly ash source, surface area, and additives. J. Sustain. Cem.-Based Mater. 2021, 6, 1–24. [Google Scholar] [CrossRef]

	



Kubba, Z.; Huseien, G.F.; Sam, A.R.M. Impact of curing temperatures and alkaline activators on compressive strength and porosity of ternary blended geopolymer mortars. Case Stud. Constr. Mater. 2018, 9, 205. [Google Scholar] [CrossRef]

	



Bentz, D.P. Influence of alkalis on porosity percolation in hydrating cement paste. Cem. Concr. Compos. 2006, 28, 427–431. [Google Scholar] [CrossRef]

	



Chung, H.W. Ultrasonic testing of concrete after exposure to high temperatures. NDT Int. 1985, 18, 275–278. [Google Scholar] [CrossRef]

	



Han, S.H.; Kim, J.K. Effect of temperature and age on the relationship between dynamic and static elastic modulus of concrete. Cem. Concr. Res. 2004, 34, 1219–1227. [Google Scholar] [CrossRef]

	



Peng, G.-F.; Huang, Z.-S. Change in microstructure of hardened cement paste subjected to elevated temperatures. Constr. Build. Mater. 2008, 22, 593–599. [Google Scholar] [CrossRef]

	



Zhang, Q. Microstructure and Deterioration Mechanisms of Portland Cement Paste at Elevated Temperature; Delft University of Technology: Delft, The Netherlands, 2013. [Google Scholar]

	



Fernández-Jiménez, A.; Palomo, A. Mid-infrared spectroscopic studies of alkali-activated fly ash structure. Microporous Mesoporous Mater. 2005, 86, 207–214. [Google Scholar] [CrossRef]

	



Puertas, F.; Torres-Carrasco, M. Use of glass waste as an activator in the preparation of alkali-activated geopolymeric slag. Mechanical strength and paste characterization. Cem. Concr. Res. 2014, 57, 95–104. [Google Scholar] [CrossRef]

	



Phair, J.W.; van Deventer, J.S.J. Effect of the silicate activator pH on the microstructural characteristics of waste-based geopolymers. Int. J. Miner. Processing 2002, 66, 121–143. [Google Scholar] [CrossRef]








[image: Materials 15 02022 g001 550] 





Figure 1. Cross-section image of the cubic mortar after phenolphthalein spray showing the depth of carbonization and calcination. 
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Figure 2. Testing process of this study: (a) images; (b) illustration. 
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Figure 3. Photographs of AAS and OPC mortars after exposure to 200, 400, 600, and 800 °C thermal treatment and different cooling methods. 
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Figure 4. Compressive strength of specimens exposed to different elevated temperatures and cooling methods. 
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Figure 5. Flexural strength of mortar specimens exposed to different elevated temperatures and cooling methods. 
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Figure 6. Carbonization depth of AAS and OPC mortars after carbonization for (a) 3 days, (b) 7 days, (c) 14 days, and (d) 28 days. 
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Figure 7. Chloride diffusion coefficients of specimens exposed to different elevated temperatures and cooling methods. 
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Figure 8. Changes in porosity of specimens exposed to different elevated temperatures and cooling methods. 






Figure 8. Changes in porosity of specimens exposed to different elevated temperatures and cooling methods.



[image: Materials 15 02022 g008]







[image: Materials 15 02022 g009 550] 





Figure 9. Percentage pore size distribution of specimens after 28 days of curing. 
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Figure 10. Percentage pore size distribution of specimens exposed to different elevated temperatures and cooling methods: (a) AAC specimens; (b) OPC specimens. 
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Figure 11. Relationship between water absorption mass per unit area and time of mortar specimen. 
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Figure 12. Relationship between water absorption mass per unit area and time of OPC mortar specimen under different cooling methods and elevated temperatures. 
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Figure 13. Relationship between water absorption mass per unit area and time of AAS mortar specimens exposed to different elevated temperatures and cooling methods. 
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Figure 14. Relative ultrasonic pulse velocity of mortar specimens exposed to different elevated temperatures and cooling methods. 
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Figure 15. XRD results of cement paste after elevated temperature treatments. 
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Figure 16. FTIR results of AAS paste exposed to different elevated temperatures and cooling methods. 
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Figure 17. FTIR results of OPC paste exposed to different elevated temperatures and cooling methods. 
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Table 1. Chemical composition of OPC and GGBFS.
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	Oxide (%)
	CaO
	SiO2
	Al2O3
	MgO
	Fe2O3
	SO3
	K2O
	Na2O
	TiO2
	MnO
	SrO





	OPC 52.5
	58.62
	21.44
	4.82
	6.71
	3.16
	2.75
	0.89
	0.37
	-
	-
	-



	GGBFS
	41.32
	31.34
	12.52
	10.27
	0.45
	1.93
	0.36
	-
	0.88
	0.22
	0.1
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Table 2. Mix proportion of AAS and OPC specimens (kg/m3).
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	Mix Composition
	Slag
	OPC
	Sand
	Activator (g)
	Water
	Water Reducer (%)





	AAS mortar
	600
	-
	1200
	1090.5
	276
	-



	AAS paste
	600
	-
	-
	1090.5
	276
	-



	OPC mortar
	-
	678
	1650
	-
	122
	3.5



	OPC paste
	-
	678
	-
	-
	122
	3.5
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