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To mitigate the shrinkage of high-strength alkali-activated slag concrete (AASC), this paper introduces emulsified cooking oil (ECO) and emulsified waste cooking oil (EWCO) into the AASC system. The effects of admixing ECO and EWCO on the compressive strength, drying shrinkage, autogenous shrinkage, carbonation, and sulfuric acid resistance of the AASC are systematically explored. The optimization mechanism is also proposed based on the surface tension and microstructural analysis. The experimental results show that the admixing ECO and EWCO slightly reduce the compressive strength of the AASC by 7.8%. Interestingly, the admixing ECO and EWCO significantly reduce the drying shrinkage and autogenous shrinkage, simultaneously improving the resistance to carbonation and sulfuric acid of the AASC. Specifically, the introduction of 2 wt.% ECO and EWCO can reduce the autogenous shrinkage of the AASC by 66.7% and 41.0%, respectively. Microstructural observations reveal that the addition of ECO and EWCO can reduce the internal surface tension of the AASC, improve the transport and diffusion of the pore solution, and increase the absorbable free water of the slag, which in turn reduces the shrinkage of the composites. It also increases the ionic concentration in the pore solution, resulting in a more complete reaction of the AASC, which can optimize the pore structure and thus improve the durability of the AASC. This study proposes a promising way to develop sustainable alkali-activated slag concrete achieved by recycling waste materials.
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1 INTRODUCTION
Rapid urbanization and dramatic population growth, among other factors, have raised the demand for new infrastructure and houses, and have further exacerbated the impact of the construction industry on the global environment (Juenger et al., 2011; Huo et al., 2022a; Yin et al., 2023; Lu et al., 2024a). The cement production process generates about 8% of total global emissions of carbon dioxide, contributing significantly to the greenhouse effect and posing a significant threat to human health (Díaz et al., 2017; Huo et al., 2022b; Huo et al., 2023a). This is contrary to the current concept of green and sustainable development (Meyer, 2009; Lu et al., 2023a; Lu et al., 2024b). As such, the R&D of eco-friendly building materials to replace concrete has become one of the main focuses of scientific research (Huo et al., 2023b; Karikatti et al., 2023).
Alkali-activated slag concrete (AASC), a type of cement-free green cementitious material has emerged and developed in recent years (Huo et al., 2023c; Huo et al., 2023d). In particular, the main cementitious material, granulated blast furnace slag (GGBFS), is an industrial by-product produced during iron production, which has hydration potential and activity in alkaline environments (Thomas et al., 2018; Zheng et al., 2022; Lu et al., 2023b). AASC has significant environmental and economic benefits (Fu et al., 2023; Lu et al., 2024c). A Life Cycle Assessment reports that AASC has a Global Warming Potential (GWP) that is ∼70% lower than PCC (Purnell, 2013; Huang et al., 2021). The application of AASC offers an extremely low carbon footprint, making it an ideal candidate for replacing cement in the development of concrete infrastructure (Amani et al., 2021; Huo et al., 2022a). However, the practical application of AASC has been very limited to date, mainly due to the AASC having high shrinkage (both autogenous shrinkage and drying shrinkage) and is prone to cracking at early ages, which seriously affects the safety of building structures (Bakharev et al., 2002; Sadeghian et al., 2022). Specifically, autogenous shrinkage and drying shrinkage can directly affect the long-term performance of concrete structures (Lu et al., 2023c), which can adversely affect the serviceability of concrete structures (Dai et al., 2022; Sadeghian et al., 2022). It is reported that the shrinkage of the AASC is 1.7–2 times higher than that of the PCC, mainly attributed to the fact that the Ca/Si ratio of C-(A)-S-H gel is lower than that in PCC and the absence of crystalline phases such as Portlandite (Bondar et al., 2018; Wang et al., 2020; Wang et al., 2021; Zhou et al., 2023; Geng et al., 2024). Additionally, the poor carbonation resistance of the AASC also limits its practical application (Weil et al., 2024).
Recently, some attempts have been adopted to inhibit shrinkage and improve the carbonation resistance of the AASC (Collins and Sanjayan, 2000; Huo et al., 2023e). For example, fiber, polypropylene glycol, and supplementary cementitious materials (SCM) have been incorporated into AASC to address these problems (Chi, 2012; Zhang et al., 2017). Additionally, lowering the alkali equivalent, increasing the silicate modulus, and increasing the curing temperature can help to reduce capillary pressure, thereby mitigating the drying shrinkage and improving the carbonation resistance of the AASC (Aydın and Baradan, 2021; Huo et al., 2024). However, the low efficiency, high energy consumption, and high cost of the above methods limit their practical applications (Zhao et al., 2020). One of the causes of concrete shrinkage is shrinkage stress, which is proportional to surface tension (Zhu et al., 2021). Some researchers have found that reducing the surface tension of pore solutions in concrete can significantly reduce shrinkage (Ou et al., 2022). Cooking oil and waste cooking oil are less dense than pure water and emulsifying them significantly reduces the surface tension. At least 10 million tons of used cooking oil are produced in China every year, but the current utilization rate is less than 10%. The addition of waste oil into the AASC system can alleviate the environmental pressure and has great potential to reduce shrinkage and improve carbonization and other durability properties.
In this study, edible oil and waste cooking oil are first emulsified and then emulsified cooking oil (ECO) and emulsified waste cooking oil (EWCO) are introduced into the AASC system to improve the durability of the AASC. The effects of admixing ECO and EWCO on compressive strength, drying shrinkage, autogenous shrinkage, carbonation depth, and sulfuric acid resistance of the AASC are investigated. The mechanism of admixing ECO and EWCO in the AASC system is further explored by microstructure and pore structure analysis. This study may not only provide new ideas for the shrinkage reduction of AASC but also rationalize the use of waste cooking oil and reduce environmental pollution. Further, for higher strength ultra-high performance concrete (UHPC), waste cooking oil is also expected to reduce its shrinkage and improve its durability.
2 EXPERIMENTAL PROGRAM
2.1 Materials
The GGBFS is purchased from Shijiazhuang, Hebei Province. Its main physical parameters are exhibited in Table 1 and compared with the standard of S95 grade slag following GB/T18046-2017. The chemical composition of the GGBFS was acquired using X-ray fluorescence spectroscopy (Table 2). Furthermore, the chemical compositions of the GGBFS were also characterized using the activity coefficient, alkalinity coefficient, water hardness coefficient, and quality coefficient, and the results indicated that all the above indicators meet the requirements. Figure 1 shows the particle size distribution of the GGBFS.
TABLE 1 | Physical properties of GGBFS.
[image: Table 1]TABLE 2 | Chemical compositions of GGBFS (wt.%).
[image: Table 2][image: Figure 1]FIGURE 1 | Particle size distribution of GGBFS.
The activator was a Na2O⋅SiO2 solution, commonly referred to as water glass. Its modulus (Ms) is 3.48. ω(SiO2) = 25.6%, ω(Na2O) = 7.6%. NaOH (99.9 wt%) was used to adjust the modulus of the water glass.
The natural coarse and fine aggregates used were both from Harbin. The parameters of natural coarse and fine aggregate (natural river sand) are listed in Table 3. The natural sand has a fineness modulus of 2.87. The chemical compositions of the natural fine aggregate were characterized by XRF, as shown in Table 4.
TABLE 3 | Properties of aggregates.
[image: Table 3]TABLE 4 | Chemical composition of fine aggregate (wt.%).
[image: Table 4]The cooking oil (CO) and waste cooking oil (WCO) were obtained from the school cafeteria of Harbin Institute of Technology, China. The emulsifiers were Span-80 and OP-10 emulsifiers. The properties of the oils and emulsifiers are summarized in Table 5.
TABLE 5 | Properties of oils and emulsifiers.
[image: Table 5]2.2 Mixture design and preparation of concrete
2.2.1 Emulsification of CO and WCO
The CO/WCO needs to be emulsified before preparing the concrete, which is done as follows: 1) Pour the CO/WCO into a conical flask, heat it to 60°C with a thermostatic water bath and stir it at 1,200 rpm for 30 min; 2) Prepare water of 1.5 times the mass of CO/WCO. Add 2/3 of water and 7.5 wt.% of complex emulsifier (90% Span-80% and 10% OP-10) in the conical flask and continue mixing for 20 min at the same mixing speed; 3) Finally, pour the remaining water into the solution at the same stirring speed and stir for a further 20 min. Figure 2 shows the ECO and EWCO.
[image: Figure 2]FIGURE 2 | (A) Emulsified cooking oil and (B) emulsified waste cooking oil.
2.2.2 Preparation of concrete
Two different strength grades of concrete were selected in this study: normal strength and higher strength of concrete with a water-binder (w/b) ratio of 0.5 and 0.35 and binder-to-sand ratio of 0.45 and 0.82, respectively. The Na ion concentration of the base activator was immobilized at 3 wt% of GGBFS. The dosages of the ECO and EWCO were 1 and 2% by the weight of the GGBFS, respectively.
At first, the coarse and fine aggregates were oven-dried. Then, the solid components were blended for 2 min. The mixed alkali solution and ECO/EWCO were inserted into the mixer and mixing continued for 2 min. After that, the fresh concrete was cast into the moulds and cured at standard conditions. The ratio of the mixtures is summarized in Table 6.
TABLE 6 | Mixing proportion of AASC (kg/m3).
[image: Table 6]2.3 Test methods
2.3.1 Compressive strength
The cubic compressive strength (100 mm × 100 mm × 100 mm) was determined according to the standard GB/T 50010-2010. The loading rate of the test was 2.4 kN/s. The age of the compressive strength was tested at 7 days and 28 days, respectively. All final results reported are the average of three replicate tests.
2.3.2 Drying shrinkage
The dry shrinkage was tested by digital extensible measuring equipment following GB/T 50082-2009. The size of the specimen was 100 mm × 100 mm × 515 mm. Long-term strain measurements were performed on both concrete surfaces vertically to the caste plane within the test period.
2.3.3 Autogenous shrinkage
The autogenous shrinkage test was performed using 100 mm × 100 mm × 515 mm specimens. An eddy current displacement sensor (ECDS) was used to measure the autogenous shrinkage. The blend was poured into a steel mold immediately following stirring, and a stainless target seat was inset into the specimen, which was deformed at the same time as the AASCs. The method used to measure autogenous shrinkage is demonstrated in Figure 3.
[image: Figure 3]FIGURE 3 | Autogenous shrinkage test method for AASC.
2.3.4 Carbonation
The carbonation of concrete was assessed according to GB/T 50082-2009. The specimens were placed in a carbonation chamber at 20°C ± 2°C and 70% ± 5% relative humidity. Concrete fracture surfaces were sprayed with 1% alcoholic phenolphthalein solution and the neutralization depth was monitored.
2.3.5 Sulphuric acid resistance
It was evaluated for sulfuric acid resistance according to ASTM C267. Cubic samples of 100 mm × 100 mm × 100 mm were immersed in a 3% solution of sulfuric acid after 7 days of curing. After 7, 14, 28, 60, 90, 120, and 180 days of immersion, the resistance was evaluated based on the weight loss as described in Eq. 1.
[image: image]
where △Wn is the mass loss rate (%), M0 is the initial mass of the samples (g), and Mn is the mass of the samples after n days of soaking in sulfuric acid solution.
2.4 Microscopic investigations
2.4.1 Surface tension
The liquid surface tension of the composites was performed using a BZY-type surface tension instrument. Before testing, the instrument needs to be preheated for 30 min. After preheating, the platform is cleaned with flowing water and then the sample of the measured solution is placed in the sample platform. Controlling the knob makes the liquid level of the sample in contact with the induction device of the tester, and the reading is taken after the constant.
2.4.2 Mercury intrusion porosimeter (MIP)
The pore size distribution of the concrete was tested on typical samples using an IV 9510 Mercury Intrusion Porosimeter (MIP), which has an intrusion pressure range of 0–60,000 psi and is capable of measuring pore sizes up to 3.0 nm in diameter.
2.4.3 Backscattered electron (BSE) and energy dispersive spectroscopy (EDS)
Samples were cut into 3–5 mm pieces for BSE and EDS testing. The dried samples were dipped into epoxy resin and buffed to a 0.25 μm surface fineness with diamond paste. The sample surface was applied with carbon and then dried in a low vacuum desiccator prior to analysis.
3 RESULTS AND DISCUSSION
3.1 Compressive strength
As shown in Figure 4, the 7-day compressive strength of all mixtures achieved over 70% of its corresponding 28-day strength. It is more pronounced in the high-strength concrete group, where the 7-day strengths of all the composites are close to about 85% of their corresponding 28-day strengths. However, adding ECO and EWCO harmed the compressive strength of the AASC, but the effect was minimal. As the w/b ratio is 0.5 in AASC, the effects of admixing ECO and EWCO on the 28-day strength of the AASC were small in magnitude, and the lowest strength was obtained with 2% EWCO, which is only reduced by 7.8%, mainly due to admixing ECO has a delaying effect on the setting time of the AASC, simultaneously, it can help to improve the internal pore structure of the concrete and reduce the number of harmful pores (Huo et al., 2023f). Additionally, the addition of ECO can reduce the microcracks of the AASC, so the positive effect partially offsets the negative effect of delayed setting time.
[image: Figure 4]FIGURE 4 | Compressive strength of AASC of different w/b ratios with ECO and EWCO: (A) w/b = 0.35, and (B) w/b = 0.5.
In high-strength AASC, the effect of adding 1% ECO on the strength was still small, and when the dosage of additive increased to 2%, the strength of the EWCO-modified concrete attained the lowest value, about 15% lower (Figure 4B), mainly because the impurities contained in EWCO lead to a greater negative effect in the denser hydrated structure relative to the normal hydrogel ratio, affecting the denseness of the structure. Compared to ECO, the unsaturated fatty acid content contained in EWCO is lower, and negatively affects the pore structure of concrete, therefore, the negative impact of using EWCO on the strength of concrete is greater compared to that of employing ECO.
In general, the addition of ECO had minimal effect on the strength of the AASC, and the addition of EWCO caused some negative effects on the strength of the AASC, but is recycling EWCO in concrete production is still a feasible approach considering the added value of resourceful reuse of EWCO.
3.2 Drying shrinkage
As suggested in Figure 5, the addition of either ECO or EWCO can significantly reduce the drying shrinkage of the concrete. In which, the effect of shrinkage reduction by using ECO was slightly better than that of employing EWCO in both strength grades of AASC. The addition of ECO can reduce the drying shrinkage of alkali-slag concrete by about 30%, mainly attributed to the fact that the addition of ECO can effectively reduce the surface tension of the materials in the AASC and thus the capillary pressure (will be illustrated in the following section), resulting in a reduction in a lowered shrinkage of the concrete. Also, the improved pore structure was another reason for the reduction in drying shrinkage, as the internal porosity of the concrete was reduced the channels for internal and external moisture exchange were blocked, and thus the drying shrinkage of alkali-slag concrete was reduced significantly (Liao et al., 2023a; Liao et al., 2023b).
[image: Figure 5]FIGURE 5 | Drying shrinkage of AASCs of different w/b ratios with ECO and EWCO: (A) w/b = 0.35, and (B) w/b = 0.5.
It was also found that the drying shrinkage reduction decreased with increasing the dosage of ECO and EWCO (Figure 5B). Especially, when the w/b ratio is 0.35, the drying shrinkage of concrete with 2% ECO or EWCO was only about 10% lower than that of the concrete incorporating 1% ECO or EWCO. The reason is that the structure of AASC is already dense enough, and the degree of internal and external water exchange is not high, and increasing the dosage of ECO and EWCO cannot further greatly improve the ability to hinder the internal and external water exchange of the AASC. Therefore, the overdosage of ECO and EWCO does not significantly reduce the drying shrinkage of the AASC.
3.3 Autogenous shrinkage
In Figure 6, compared with drying shrinkage, autogenous shrinkage of AASC is dramatically higher. On the 1st day, the autogenous shrinkage of all mixtures grows slowly. It is believed that the specimen may also expand at an early stage due to the hydration of the binder.
[image: Figure 6]FIGURE 6 | Autogenous shrinkage of AASCs of different w/b ratios with ECO and EWCO: (A) w/b = 0.35, and (B) w/b = 0.5.
The autogenous shrinkage of the AASC with w/b ratios of 0.5 and 0.35 was 481 and 627 μm/m, respectively, after 7 days of curing. The addition of 1% ECO can reduce the autogenous shrinkage of concrete to 255 and 506 μm/m, respectively. And the addition of 1% EWCO can reduce the autogenous shrinkage of concrete by 40.8% and 17.6%, respectively. As the dosage of ECO and EWCO increased to 2%, the reduction is significantly higher, especially, since the addition of 2% ECO in low-strength concrete and high-strength concrete can reduce the autogenous shrinkage by about 66.7% and 51.9%. With increasing the dosage of ECO and EWCO, the internal surface tension of the AASC decreased accordingly, which reduced the capillary pressure in the AASC, thus further reducing shrinkage.
The shrinkage reduction effect of EWCO was slightly lower than that of ECO. This may be due to impurities contained in EWCO that may cause the binder to lose fluidity and inhibit the reaction between the oil and the binder. At all ages, the autogenous shrinkage of the AASC containing EWCO is approximately greater than that of the concrete incorporating ECO by less than 10% for the same substitution rate, which is considered to be within the acceptable range.
Overall, the use of 2% ECO and EWCO can reduce the autogenous shrinkage of the AASC by about 50%–60% and reduce the drying shrinkage value by about 30%. As such the use of ECO and EWCO can effectively limit the shrinkage of AASC, which has great potential in practical applications.
3.4 Carbonation depth
In Figure 7, the carbonation depth of AASC decreases as the w/b ratio decreases. At a low w/b ratio, the structure of AASC was denser, and the channels for external CO2 to invade the interior of AASC were blocked. The carbonation depth of AASC increased rapidly in the first 7 days and then gradually stabilized. The ECO can effectively reduce the carbonation, mainly due to the addition of ECO can optimize the pore structure of AASC, thus effectively blocking the pathway of carbon dioxide. The effect of ECO was slightly better than that of EWCO, which was attributed to its higher active ingredient than EWCO, while the impurities in EWCO would harm the internal densification of AASC. The addition of 2% EWCO can reduce the 28-day carbonation depth of the AASC by 20% in each group. Effectively reducing the carbonation rate of AASC plays a protective role for steel reinforcement in reinforced concrete structures.
[image: Figure 7]FIGURE 7 | Carbonation depth of AASCs of different w/b ratios with ECO and EWCO: (A) w/b = 0.35, and (B) w/b = 0.5.
The addition of 2% ECO can reduce the carbonation depth of concrete by 37.5% in the 0.35 w/b ratio group. The addition of EWCO resulted in a carbonation depth of only about 10 mm. Considering the necessity of high-rise and long-life buildings in the future, the addition of ECO and EWCO to a low water-to-binder ratio AASC can further improve the carbonation resistance of high-performance concrete and promote its practical applications.
3.5 Sulphuric acid resistance
Figure 8 shows the effects of different w/b ratios and different dosages of ECO and EWCO on the weight loss of AASC when immersed in a 3% sulfuric acid solution for 180 days. During the first 28 days, all specimens showed a slight increase in weight. No significant damage was observed on the surface or edges of any of the specimens. Compared to the specimens with ECO and EWCO, the control specimens exhibited a greater weight increase due to higher water absorption. This is consistent with the carbonization results that ECO and EWCO improved the pore structure of AASC.
[image: Figure 8]FIGURE 8 | Sulphuric acid resistance of AASCs of different w/b ratios with ECO and EWCO: (A) w/b = 0.35, and (B) w/b = 0.5.
The resistance of AASCs with ECO and EWCO was slightly higher than the control concrete, mainly due to denser structure and lower porosity caused by ECO and EWCO. The application of ECO and EWCO may fill the pores in the AASC matrix and restrain the reaction between sulphuric acid and binder. The weight variations of specimens decreased with increasing the dosage of ECO and EWCO. The effect of EWCO on the improvement of acid resistance was slightly lower than ECO, mainly due to the higher porosity caused by the impurities in EWCO. The addition of ECO and EWCO can further improve the sulphuric acid resistance of the AASC.
3.6 Surface tension
As shown in Figure 9, the surface tension of water at room temperature was 72.3 mN/m. When ECO and EWCO were added, the surface tension of the liquid decreased substantially. The surface tension of the liquid was 36.5 mN/m and 36.3 mN/m when the concrete contained 1% and 4% ECO, respectively. The addition of EWCO was similar to that of ECO, and its liquid surface tension was about 3% lower than that of ECO at the same dosage because the density of EWCO was lower than that of ECO. When the dosage of ECO and EWCO was raised, the surface tension varied little with the increase in substitution rate of ECO and EWCO.
[image: Figure 9]FIGURE 9 | Surface tension of solution with various dosages of ECO and EWCO.
The strong cohesion between water molecules in the material pore solution made the surface tension of water higher. When ECO and EWCO were added, the water molecules in the pore solution would be activated by the surface activation of ECO and EWCO. The force between ECO and EWCO and a water molecule was much smaller than the force between two water molecules, which changed the distribution and arrangement of water molecules on the surface of the pore solution, and therefore significantly lowered the surface tension of the pore solution. The surface tension of the pore solution is usually directly related to its transport and diffusion in the pore diameter, and a lower surface tension of the pore solution represents a stronger transport and diffusion ability. Therefore, as suggested in Figure 10, after the incorporation of ECO and EWCO, more water inside the material is adsorbed by the physical phase of the slag due to the higher transport and diffusion properties of the pore solution, and the resulting water consumption due to internal hydration (autogenous shrinkage), as well as water exchange due to the difference between the internal and external humidity (drying shrinkage) is significantly reduced, which leads to the lower autogenous and drying shrinkage results of the material.
[image: Figure 10]FIGURE 10 | The mechanism of reduction effect of EO or EWCO: (A) Control, (B) EO or EWCO.
3.7 MIP analysis
In normal-strength AASC, specimens with ECO added had slightly higher pore volumes than control samples in the pore size interval from 200 to 500 nm (Figure 11). However, the difference in pore distribution between the groups was minimal at pore diameters greater than 40 nm or less than 11 nm. Differences in pore size existed mainly between pores with diameters between 11 and 27 nm. When the pore diameter was less than 40 nm, a peak pore size point was present in all groups. The addition of ECO drastically reduced the pores between 14 and 40 nm. In particular, the number of pores between 17 and 27 nm was reduced by approximately 90% with the addition of ECO in concrete.
[image: Figure 11]FIGURE 11 | dV/dlog D pore size distribution curves of AASCs with 2% ECO and EWCO: (A) w/b = 0.35, (B) w/b = 0.5.
The effects of ECO and EWCO on the pore structure in high-strength AASC are similar to those of normal-strength AASC, the admixing ECO and EWCO mainly affected the porosity in the mesopore pore size range, with an overall shift of the curve towards smaller pores. Similarly, a peak pore size point existed in all groups. The peak pore size of the control group was around 15 nm, while the peak pore sizes of AASC with 2% ECO and EWCO were 9 nm and 11 nm, respectively.
The specific results of the mercury pressing experiments are given in Table 7. The admixing ECO or EWCO can significantly reduce the median pore size, average pore size, and porosity of AASC in both normal-strength and high-strength AASC. Especially, the addition of 2% ECO or EWCO can reduce the concrete by 19.7% and 21.8%, respectively. The reduction of overall harmful pores was very favourable to the development of AASC’s durability. This is mainly dependent on the saponification reaction generated by the addition of ECO and EWCO to AASC, in which the lipids in the oil and the bases in AASC react with each other to fill some of the pores and optimize the pore structure.
TABLE 7 | Results of MIP test.
[image: Table 7]3.8 BSE-EDS
Figure 12 shows the BSE images of the control group and the high-strength AASC with 2% EWCO. The microcracks of the specimens with EWCO were less than control group, which suggests that EWCO has the property of reducing AASC cracking. The C, O, and Ca elements of the specimens were further analyzed, and considering the chemical composition of the mineral powder and edible oil, it was concluded that the EWCO was saponified with the AASC to produce calcium fatty acids. Calcium advanced fatty acids are often used as surfactants in the industry to reduce the gravitational force between surface molecules, and the addition of such substances to AASC reduces the liquid flow in the pores of the concrete, which reduces the shrinkage stress, and consequently the shrinkage of the concrete.
[image: Figure 12]FIGURE 12 | BSE images and EDS analysis of AASCs with various dosages of ECO and EWCO: (A) Control-0.35, and (B) EWCO-2%-0.35.
Combined with the mechanism analysis of surface tension and MIP in the previous section, as well as the results of compressive strength, shrinkage, carbonation, and sulfuric acid erosion resistance, the effects brought by ECO and EWCO are analysed comprehensively. 1) The inclusion of ECO and EWCO led to a reduction in the internal surface tension of AASC, which improved the transport and diffusion capacity of the pore solution, increasing the free water that could be adsorbed in the matter phase on the surface of the mineral powders, and a reduction in the exchange of water caused by the humidity difference in the concrete, which in turn reduced the shrinkage. 2) The free water adsorbed in the physical phase will hinder the contact between the mineral powder and the alkali exciter at an early stage, reducing the early strength of the concrete. 3) Also triggered by the reduction of surface tension, the stronger dissolution drive and the physical scouring effect of the stronger pore solution flow increased the ion concentration in the pore solution in the long-term perspective. AASC mixed with ECO and EWCO had a more complete degree of reaction of the mineral powders during the hydration and precipitation stage, which reduced the porosity and therefore compensated for the coagulation hindering effect caused by the early adsorption of water (Tang et al., 2021). Therefore, the incorporation of ECO and EWCO did not have a significant negative effect on the long-term strength. Instead, the reduced porosity resulted in a less permeable AASC structure, which improved the resistance to carbonation and sulfuric acid attack.
4 CONCLUSION
This study investigated the effect of emulsified cooking oil (ECO) and emulsified waste cooking oil (EWCO) on the properties of alkali-activated slag concrete (AASC) systems. In particular, the compressive strength, drying shrinkage, autogenous shrinkage, carbonation, and sulfuric acid resistance of AACS were systematically investigated to explore its potential for practical applications. The main findings of this study are as follows:
(1) The addition of ECO or EWCO had a minor negative effect on the compressive strength of the AASC. The compressive strength of the AASC decreased further with increasing the dosage of additives, but the maximum reduction for compressive strength is only 7.8%. The lower content of unsaturated fatty acids in EWCO had a significant negative impact on compressive strength compared to using ECO in the AASC system.
(2) The admixing ECO and EWCO can significantly reduce the drying shrinkage of the AASC, especially at high-strength composites. The shrinkage reduction effect of the EWCO is slightly lower than that of ECO, and its improvement is only 10% less than that of ECO. The drying shrinkage of the AASC was also reduced when the ECO or EWCO dosage was increased from 1% to 2%.
(3) The admixing ECO and EWCO can both effectively improve the carbonation and sulfuric acid resistance of the AASC. With the increase in the dosage of ECO and EWCO, the effect of carbonation and sulfuric acid resistance of the AASC performed better.
(4) The surface tension, MIP, and BSE-EDS analyses all showed that the addition of ECO and EWCO lowered the internal surface tension of the AASC, improved the transport and diffusion of the pore solution, and increased the absorbable free water of the slag, which in turn reduced the shrinkage. It also increased the ionic concentration in the pore solution, leading to a more complete reaction of the AASC, which optimized the pore structure and improved the durability of the AASC.
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