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Abstract

:

In this study, the fixed water/binder ratio is 0.40, four mineral admixtures: fly ash (FA), blast furnace slag (BFS), desulphurization slag (DLS), and glass LED powder (GLP), were added to lightweight aggregate concrete (LWAC), replacing 10% or 30% of the cement content, to study their heat insulation efficiency and engineering performance and to compare the economic impact of mineral admixtures on LWAC. In terms of heat insulation, the thermal conductivity (K value) of the controlled sample was 0.484 kcal/(m.h. °C) and the addition of mineral admixtures changed the concrete unit weight and water absorption ratio, thus reducing the K value by 0.41% to 25.71% and improving the heat insulation. As the mineral admixture hydration products and chemical contents differed, the heat insulation of the LWAC varied as well. The study indicated that the heat insulation is the greatest in concrete with the addition of 30% FA, followed by concrete with the addition of 10% GLP. The addition of mineral admixtures is 30%, the resistivity is 72–455% of the control group, and the resistivity of FA and GLP is higher than the control group. The study is indicated that the proper addition of mineral powder material has an apparent effect on increasing heat insulation efficiency.
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1. Introduction


With commercial and industrial development occurring worldwide, energy consumption keeps rising. Current technology R&D focuses on developing solar energy as the “next-generation energy”, but popularizing it in a short time is challenging. Due to global warming in recent years, an increasing problem is the reduction of energy consumption by air conditioning systems in buildings, among which improving air-cooling/heating facility power and building heat insulation has become an important topic [1]. The heat insulation, sound insulation, and fire resistance of the structure of the lightweight aggregate concrete (LWAC) building made of waste materials have been improved, proving its application potential in engineering, safety, and environment [2,3,4,5].



Concrete building accounts for 90% of the total building in Taiwan at present, indicating that concrete is the most commonly used construction material. However, it is not recyclable or environmentally friendly; it poses threats to the living environment and energy conservancy, and thus its use goes against construction trends around the world [1]. Lightweight aggregate is advantageous due to its heat insulation, light mass, and fire resistance [6]; therefore, making use of appropriate material and taking advantage of material physical properties to maximize the thermal energy efficiency is a very important part of all engineering projects. Taiwan possesses the technology necessary to produce excellent quality lightweight aggregate from reservoir sediments through high-temperature sintering. Besides the engineering features offered by this technology, it can increase reservoir capacities, replenish natural sandstone resources, and elevate economic and ecologic values, thus contributing to the conservation of resources [7]. Cement is the most cost and energy-intensive component of concrete [8]. The characteristics of pozzolanic ash historical mortar indicate that two types of volcanic ash have been used in the past: natural pozzolan ash (usually originated from volcanoes) and artificial pozzolan ash (such as ceramic powder) [9]. Partial substitution of pozzolan for cement can reduce cement consumption and lower carbon dioxide discharge. These factors are only indicators of pozzolan reactivity, and they cannot ensure that the lime/pozzolan mortar produced has the best potential performance. Therefore, some studies have shown that the consumption of Ca (OH) 2 in lime/pozzolan ash may be a reliable factor for evaluating pozzolan reactivity and detecting pozzolan products [10,11,12,13].



Concrete made of copper slag can replace sand, thereby obtaining good mechanical properties, while also having environmental protection and technical advantages [14,15]. Besides, many studies are also studying the use of auxiliary cementing materials, such as blast furnace slag, fly ash, silica fume, rice husk ash, and kaolin as calcined natural pozzolans to improve the performance of concrete, especially in combination with raw materials containing pozzolans, such as glass powder [16,17,18].



After adding 10%, 15%, and 20% of glass powder, the average compressive strength of concrete is 70.47, 72.01, and 73.31, respectively [19,20,21]. The average compressive strength values after adding 20%, 40%, and 60% copper slag to replace sand are 72.18, 74.38, and 73.08, respectively [22]. The average compressive strength values after adding 5% and 10% fly ash instead of cement are 71.56 and 73.22. After adding 5% and 10% silica fume instead of cement, the average compressive strength values are 72.33 and 73.53. After adding 5% and 10% rice husk ash instead of cement, the average compressive strength values are 72.86 and 69.49. Compared with glass concrete and copper slag high-strength concrete, the powder reaches the maximum strength under the 20% level of glass instead of cement [23,24,25,26,27]. Using 2 and 4 mm granulated expanded glass aggregate (GEGA) as ingredients with excellent insulating properties and 8 mm granulated fly ash aggregate (GAA) as an ingredient of lightweight aggregates (LWAs) is added to concrete, and these tests were carried out for the density, porosity, compressive strength, and the modulus of elasticity of lightweight concretes (LWCs) [28].



LWC type has higher density and better insulation than burnt brick, so it is more sustainable than it. The properties of fly ash, AAC, and CLC concrete types are further discussed and compared [29,30,31,32]. Compared with traditional concrete, the advantages of aerated lightweight concrete are that the strength/weight ratio is advanced, the thermal expansion coefficient is small, and the sound insulation is high [33,34,35,36]. In the proposed mixture, attention should be paid to dividing aerated lightweight concrete into foam concrete and autoclaved concrete. By taking the density as a constant parameter, it is possible to tabulate their load-bearing capacity in terms of compression, water absorption, and heat insulation and draw conclusions from their performance [37,38,39,40].



Compared with silica fume, fly ash, and nonzeolitic natural pozzolans, the pozzolanic activity of clinoptilolite the most common natural zeolite mineral) has been studied. The chemical, mineralogical, and physical properties of the material are considered in the comparative evaluation. Various test methods were used to evaluate the pozzolanic activity of natural zeolite, including the conductivity of the lime-pozzolan suspension as well as free lime content, compressive strength, and pore size distribution of hardened lime-volcanic ash [41,42,43,44]. The results show that clinoptilolite has lime-pozzolan reactivity comparable to silica fume and is higher than fly ash and nonzeolite natural pozzolans. The high reactivity of clinoptilolite is attributed to its specific surface area and reactive SiO2 content [45,46,47]. Although the pozzolanic activity is high, the strength contribution of clinoptilolite is relatively poor, which can be attributed to the larger pore size distribution of the hardened zeolite-lime product compared with the lime-fly ash system [48,49,50].



The crystalline state of glass is amorphous and contains a large amount of silicon (Si) and calcium (Ca). Based on this theory, glass powder should undergo a natural pozzolanic reaction and have cementing properties similar to cement. Therefore, it is feasible to add glass powder to cement for similar purposes to cement [51,52].



Glass cullet has been considered as a fine aggregate or supplementary cementitious material (SCM) for concrete. The kinetics of glass reaction depends on temperature and glass composition [53,54]. The uniform composition, amorphous nature, and high silica content of glass make it very suitable for studying the effect of glass type on reactivity at different temperatures. In this study, isothermal calorimetry, chemical shrinkage, and thermogravimetric analysis were used to measure pozzolans that crushed transparent and green glass smaller than 25 µm at three different temperatures [55,56]. In addition, at different temperatures and ages, the compressive strength of the mortar and the water absorption of the sample has been used to correlate the degree of reaction with the performance [57,58]. The results show that even at a very low temperature, it will cause the glass powder to exhibit a significant pozzolanic reaction. Besides, it can be seen that the glass composition has a great influence on the reactivity. In this study, the reactivity of green glass is higher than that of transparent glass [59,60].



Concrete with low thermal conductivity can be used for thermal insulation of buildings. The thermal conductivity (TC) of concrete increases with the increase of cement content and aggregate thermal conductivity [61]. The mineral admixtures in concrete also affect the TC of concrete. Silica fume (SF) reduces the TC of cement slurry and a small amount of SF, fly ash (FA), and blast furnace slag (BFS) also reduce the TC of mortar and lightweight aggregate concrete [62]. Regardless of the degree of underutilization of the construction industry, the use of local materials in the construction industry has become an essential part of solving the economic problems of developing countries [63]. The thermal properties of concrete are closely related to all types of concrete, especially structures with low thermal conductivity, high specific heat, and unnatural heating. Although a lot of research has been done on the influence of mineral admixtures on concrete engineering performance [64], the topic of thermal conductivity is still worthy of further discussion. Major factors that affect the concrete heat transfer include concrete moisture, aggregate mineral properties, cured cement paste properties, porosity, and heating methods [64]. Moreover, cement mortar and concrete thermal conductivity vary with the mixture ratio [65], independent of curing ages.




2. Experimental Procedure


2.1. Test Material


Type I Portland cement (Taiwan Cement Co., Ltd.), Class F fly ash (Taiwan Power Xing-Da Firepower Plant), and water-quenched blasted furnace slag (China Hi-Ment Corp.) were used in this experiment, as shown in Table 1 and Figure 1, and were all compliant with CNS 61, CNS 3036, and CNS 12549. Desulphurization slag was from Ti-Sa Chemical Industrial Corp., with fineness passing standard sieves #100. Glass powder was made of waste glass of recycled LCDs from Taiwan Chi Mei Optoelectronics (CMO), crushed by a breaker and ground by a ball mill. Properties of the lightweight aggregate material are shown in Table 2 and Figure 2. Coarse aggregate was a lightweight aggregate, with a 24 h water absorption ratio of 19.2% and a particle density of 1660 kg/m3; fine aggregate was light sand made from Taiwan A-Kung reservoir sediments by dewatering, pelleting, and sintering.




2.2. Test Variables and Mixture Ratios


The mixture in this experiment was composed of lightweight aggregate with a fixed ratio of water to binder is 0.40. The weight substitution method was used to substitute four kinds of mineral admixtures, namely, fly ash (FA), blast furnace slag (BFS), desulphurization slag (DLS), and glass powder (GLP) for 10% or 30% of the cement content. The mixing ratio of the controlled sample (MA0) was 0%. Specimens of 4 cm × 20 cm × 20 cm were prepared. The thermal conductivity test was conducted after 28 d, according to CNS 7332. The test mixture ratios are shown in Table 3. The fresh properties test is carried out following the regulations of CNS 1176 and CNS 11151. After the concrete material is uniformly mixed, the slump measurement and unit weight test is carried out immediately. In the concrete compressive strength and elastic modulus test, the cylindrical specimens of ψ10 cm × 20 cm are made according to CNS 1230 and 1232, and they are cured in saturated lime water. When the concrete is 7, 28, 91, and 120 days cured, the compressive strength test on the compressive machine and record the maximum load it receives when it is compressed to failure. During the compression test, a Linear Variable Differential Transformer (LVDT) was also used to measure its stress–strain curve. The surface resistivity test uses a four-pole resistance measuring instrument produced by Proceq in Switzerland. According to ASTM C876, the resistivity is measured by the section contacting the concrete, and it is set as current 180 μA, frequency 72 Hz, impedance 10 MΩ, measuring range 0 KΩ-cm–99 kΩ-cm, accuracy ±1 KΩ-cm. Regarding the thermal conductivity test, it is mainly carried out by the flat plate comparison method (CNS 7332). The number of samples to be prepared and measured is mainly produced and tested following the requirements of each test specification.





3. Results and Analysis


This study examined the fresh properties, pozzolan reactivity, and thermal conductivity of lightweight aggregate concrete after replacing part of the cement with mineral admixtures. The results are discussed below.



3.1. Mixture Design


As shown in Table 3, a higher paste level was designed to prevent lightweight aggregate from floating during casting, thus there was sufficient paste to bind to the surface of the aggregate. In this study, the ratio of water to binder is 0.40, the density of mixed water is 216 kg/m3, the density of lightweight coarse aggregate is 586 kg/m3, and the density of lightweight fine aggregate is 249 kg/m3. The ratio of mineral admixtures is fixed when replacing cement. Each mineral admixture has different effects on the performance of lightweight aggregate concrete; for example, the upper limit of FA consumption is 25–30%, and the mixing ratio of high-silicon GLP should be 10–15% [66]. Thus, the cement replacing ratios in this study were 0%, 10%, and 30%.




3.2. Fresh Properties


As shown in Table 4, to prevent the lightweight aggregate from floating, this study adopted a design slump of 75 mm–100 mm. After mixing each group of concrete, there was no bleeding and segregation by visual inspection, and the product matched the range of the designed slump. The slump of the controlled sample was 90 mm–100 mm. Except for FA, slumps of all other samples were lower than that of the controlled sample, as shown in Table 1. This is most likely since the particles of the admixture were finer than those of cement and had faster hydration. The FA slump was the highest, about 100 mm–110 mm. Since FA contains fine glass spheres with a smooth surface and can disperse cement particles with properties similar to the “ball bearing effect”, it can facilitate granule moving in concrete [67].




3.3. Compressive Strength


As shown in Figure 3a, the initial strength of the concrete with FA developed slowly, and higher replacing ratios led to lower strengths. The compressive strengths of FA10 and FA30 at 7d were 28.96 MPa and 26.26 MPa, reaching 28 d the compressive strengths of 93% and 87%, respectively. At 28d, the compressive strengths were 31.31 MPa and 30.05 MPa, respectively, which were 8.1% and 14.4% higher than those of the control group. At 91 d, the strengths were 11% and 28% higher than those at 28 d, and the FA30 strength was higher than those of FA10 and MA0. At 120d, the strength of FA30 even reached 40.19 MPa. In Figure 3b, the compressive strengths of BFS10 and BFS30 at 7 d and 28 d were similar to that of MA0. The compressive strength of BFS30 was the highest among all the samples with a cement substitution ratio of 30%. The strength of BFS10 was 38 MPa at 91 d, which was comparable to MA0 at the same age. In Figure 3c, the compressive strength of DLS10 at 7d is seen to be similar to that of MA0, but the strength of DLS30 was significantly lower, only 72% of the strength of DLS10. At 28 d, the strength of DLS10 was slightly higher than that of MA0. At 91d, the strength of DLS10 was 39.38 MPa, which was an increase of 2.8% compared with the control group, while the strength of DLS30 was increased to 30.74 MPa, which was an increase of 14.4% compared with the control group. In Figure 3d, the compressive strength of GLP10 at 7 d and 28 d is shown to be higher than those of MA0 and GLP30 at the same age. GLP10 exhibited pozzolan reactivity at an earlier age. At 91 d, the strength reached 42.41 MPa, which was the highest among all the samples, and then slowed down. As GLP30 had a higher replacement ratio, the strength did decrease, in addition to a longer reaction time; part of the glass powder might not have a chance to react with the pozzolan. Its strength reached 36.49 MPa at 120 d, which was 95.32% of the strength of MA0.




3.4. Surface Resistivity


(1) Fly ash: Figure 4 shows that at the age of 28 days, the resistivity of FA10 and FA30 are 11.3 and 34.3 kΩ-cm respectively, which of FA30 at the ages of 56 days and 91 days are as high as 50.8 kΩ-cm and 57 kΩ-cm, meaning the resistivity increases with the fly ash replacement.



(2) Slag: The C-S-H gel generated by pozzolanic reaction increases the resistivity of concrete by blocking interconnected pores. Figure 5 shows that the resistivity of 10% and 30% slag additions at the age of seven days are close to the control group. The resistivity increases with curing time; it increases to 13.8 kΩ-cm on Day 28, higher than the control group.



(3) Desulfurization slag: Figure 6 shows that the resistivity of DLS10 and DLS30 additions are only 6.6 and 5.6 kΩ-cm before 28 days, that on Day 91 are only 11.5 and 10.3 kΩ-cm, and the resistivity at various ages are lower than a control group. It may be because there is no C-S-H gel after the desulfurization slag is hydrated; the interconnected pores cannot be filled or blocked, leading to the lowest resistivity among various mix proportions.



(4) Glass powder: Figure 7 shows that the resistivity of GLP10 and GLP30 additions are lower than the control group before the age of 28 days, but that is 13.5 and 19.3 kΩ-cm on Day 28, higher than the control group. The resistivity is 60 kΩ-cm at the age of 120 days; it may be because the glass powder has higher SiO2 content.



(5) Figure 8 shows that the resistivity of the mix proportion with 10% mineral admixtures on Day 120 is 90~183% of the control group; the resistivity of 30% mineral admixtures is 72~455% of the control group, the increasing amplitude is higher than the mix proportion with 10% mineral admixtures, the resistivity of 30% fly ash and 30% glass powder is higher than the control group; it may be because of the chemical properties of mineral admixtures. The corrosion degree of resistivity 10~20 kΩ-cm is medium to low, that above 20 kΩ-cm represents a low probability of corrosion [68,69], meaning the resistivity of FA10, FA30, BFS30, GLP10, and GLP30 are above standard. Figure 9 shows the regression analysis relation of resistivity and compressive strength, the R2 values of the control group and fly ash addition are 0.7512 and 0.7583, and the R2 values of slag and desulfurization slag additions are 0.5562 and 0.5429, respectively. The linear regression analysis result of glass powder addition is poor; its chemical properties influence the resistivity significantly.



The water absorptions of FA10 and FA30 are 5.61% and 7.85%, and the thermal conductivity is reduced by 14.7% and 25.7% respectively. The water absorptions of BFS10 and BFS30 are 4.62% and 5.61%; the thermal conductivity is reduced by 4% and 14.2% respectively. The water absorptions of DLS10 and DLS30 are 6.13% and 8.93%, and the thermal conductivity is reduced by 1.9% and 17.2% respectively. The water absorptions of GLP10 and GLP30 are 6.07% and 7.22%, and the thermal conductivity is reduced by 22.2% and 21.6% respectively.




3.5. Pozzolan Reactivity


As shown in Table 4 and Table 5, the pozzolan reactivity index differed significantly among the different types of mineral admixtures. Higher compressive strength led to a larger index of pozzolan activity. At an age of 7 d, except for FA10, which had an index of −0.10, the indices of the admixtures with a 10% ratio were higher than the admixtures with a 30% mixing ratio, and the indices of DLS10 and GLP10 were 1.02 and 1.53, respectively. DLS showed no pozzolan reactivity, possibly because hydration derived CaCO3 increased the concrete strength [69]. As hydrated glass powder contains a high content of SiO2, the reactivity index of GLP10 was greater. After 28 d, all mineral admixtures with a 30% mixing ratio had higher pozzolan reactivity indices than those of the same admixture with a 10% mixing ratio. Moreover, the pozzolan reactivity index of FA30 increased the most from 7 d to 120 d among admixtures with a replacing ratio of 30%, and the pozzolan reactivity index increased from 0.45 to 1.11. This is the only sample with a greater reactivity index than that of the same admixture at a mixing ratio of 10%, indicating the occurrence of a pozzolan reaction.




3.6. Thermal Conductivity Analysis


	(1)

	
Changes due to mineral admixture







As shown in Table 6, the K value of the controlled sample (MA0) was the highest it is 0.484 kcal/m.h. °C, while the K values of the samples containing mineral admixtures were between 0.385 and 0.482 kcal/m.h. °C, corresponding to 79.5–99.6% of that of the controlled sample. This indicates that replacing cement with mineral admixtures can improve concrete heat resistance, possibly because the cement content is decreased. Besides altering concrete physical properties, such as the unit weight, water absorption ratio, and porosity ratio, the inherent hydration reactions and products would affect the concrete thermal conductivity.



Figure 10 shows the thermal conductivity after replacing cement with FA, and the K values of FA10 and FA30 were 87.2% and 79.5% of that of the controlled sample, respectively. Fly ash will have a pozzolan reaction with CH in cement paste when water is present. Besides consuming CH to form C-S-H gel to fill pores, FA replaces space originally occupied by CH, indirectly reducing the thermal conductivity and increasing concrete thermal properties [70]. The K values of BFS10 and BFS30 reached 99.6% and 87.6% of that of the controlled sample, respectively. In particular, the difference between the thermal conductivity of BFS10 and the controlled sample was insignificant, possibly because the chemical contents, hydration reaction rates, hydration products, and specific weight of BSF are similar to those of cement. The K values of DLS10 and DLS30 were 82.0% and 85.3% of that of the controlled sample, respectively. The K value of DLS30 was higher than that of DLS10, possibly because the addition of DLS reduces the cement content, but the CaO that it contains is also one of the factors affecting the concrete thermal efficiency [71]. Thus, DLS would produce CaCO3 after hydration and increase the production of CaCO3 [72]. In the glass powder group, the thermal conductivity of GLP10 and GLP30 dropped 18.2% and 17.8%, respectively, indicating that the addition of GLP can consume the cement hydration product CH and increase SiO2 involved in reactivity [73], as well as reduce the thermal conductivity of concrete [74].



As shown in Figure 11, the K value of BFS30 was the highest among the samples with a 30% replacing ratio, even higher than that of FA10, DLS10, and GLP10, indicating that its impact on thermal conductivity is smaller. The K value of FA30 was the smallest among all the samples, indicating that its heat insulation is the best.



	(2)

	
Differences in unit weight







As shown in Table 6 and Figure 12, the unit weight of the lightweight aggregate concrete varies with mineral admixture type. Heavier unit weights did produce greater thermal conductivity. When the unit weight dropped from 1406 kgf/m3 to 1315 kgf/m3, which is a 6.92% reduction, the thermal conductivity also fell from 0.484 to 0.385 kcal/m.h. ℃ and it is reduced by 25.7%, which confirmed the findings of Ramazan et al. [74]. Concrete thermal conductivity is related to density. The test mixture ratios with maximal and minimal unit weights and thermal conductivities were MA0 and FA30, respectively, indicating that the unit weight is correlated with the thermal conductivity. In general, fewer internal voids would lead to a heavier unit weight; this is due to the cement being replaced by mineral admixtures. However, the opposite trend is found in the cases of DLS10 and DLS30; DLS30, with smaller unit weight, had a higher thermal conductivity than that of DLS10, which is due to hydration product properties. Thus, this effect should also be considered in the mixture. Overall, the unit weight had a slight effect on the thermal conductivity but with a low correlation shown by the linear regression correlation coefficient of R2 = 0.4732.



	(3)

	
Changes in the water absorption ratio







Table 6 and Figure 12 show that the water absorption ratio and thermal conductivity index of the controlled sample were 4.41% and 0.484 kcal/m.h. °C, respectively. The water absorptions of FA10 and FA30 are 5.61% and 7.85%, and the thermal conductivity is reduced by 14.7% and 25.7% respectively. The water absorptions of BFS10 and BFS30 are 4.62% and 5.61%; the thermal conductivity is reduced by 4% and 14.2% respectively. The water absorptions of DLS10 and DLS30 are 6.13% and 8.93%, and the thermal conductivity is reduced by 1.9% and 17.2% respectively. The water absorptions of GLP10 and GLP30 are 6.07% and 7.22%, and the thermal conductivity is reduced by 22.2% and 21.6% respectively. The water absorption ratios of the mineral admixtures were greater than that of the controlled sample, indicating that, as the cement is replaced by mineral admixture, the derived concrete porosity varies; specifically, greater porosity did produce a higher water absorption ratio and smaller thermal conductivity. This is due to air acting as an insulator and reducing heat transfer.




3.7. Relationship of Compressive Strength and Thermal Conductivity


As shown in Figure 13 at an earlier age, when the proportion of mineral admixtures replacing cement amounts for 30% had slower hydration reactions, higher porosity ratios, lower unit weights, and smaller thermal conductivities. However, as the samples aged, mineral admixtures gradually produced pozzolan reactions and reacted with the cement hydration product CH to form a C-S-H gel; thus, the compressive strength increased significantly.



As shown in Figure 6, as the samples aged, the Thermal Conductivity/Compressive Strength (TC/CS) ratio decreased. After 120 d, the TC/CS ratios per unit compressive strength of most mixture ratios were higher than that of the controlled sample (MA0). After 7 d, only the TC/CS ratios of FA10 and BFS10 were slightly higher than those of MA0. Overall, GLP10 presents the highest TC/CS ratio: its TC/CS ratio at 7 d was 29.8% higher than that of MA0, and it increased to 41.3% higher at a later age. The TC/CS ratio of DLS30 at an earlier age was 18% higher than that of MA0; at 120 d, it was already slightly lower than that of MA0. As shown in Figure 14a, among samples with an addition of 10% mineral admixtures, GLP10 and DLS10 showed the highest TC/CS ratios. As shown in Figure 14b, among samples with an addition of 30% mineral admixtures, except for DLS30, whose TC/CS ratio was slightly higher than the controlled sample, the TC/CS ratios at a later age were higher than that of MA0.




3.8. Application Efficiency of Mineral Admixtures


Table 7 shows the cement strength efficiency after adding the mineral admixtures to the concrete. As can be seen, in addition to reducing the cement content, mineral admixtures can provide excellent compressive strength. Figure 8 shows that the cement strength application efficiency is between −19.51% and +11.05%. The samples with application efficiencies higher than that of the controlled sample were FA30, DLS10, and GLP10. GLP10 had the highest application efficiency. The sample with the lowest efficiency was DLS30. The efficiencies of the other samples were below −10%. This indicates that, though not all samples with an addition of mineral admixtures had application efficiencies higher than that of the controlled sample; they could still present certain compressive strengths. Table 8 shows the cost estimation of lightweight aggregate concrete with mineral admixtures replacing a portion of the cement. The costs were calculated according to the cement amount replaced by mineral admixtures and unit price, as shown in Figure 15. The most economic sample was DLS, with a cost reduction of 9.8–29.5%, followed by GLP of 8.4–25.2%, fly ash of 6.4–19.2%, and BSF of 4.2–12.6%.




3.9. CO2 Reduction Benefit


The CO2 reduction of green buildings refers to reducing the consumption of building materials that produce high CO2 emission in their production processes during construction. For cement production, the limestone is mixed with an amount of iron sand and clay thoroughly and ground into finer power to form the crude material, which is preheated and put in the rotary kiln, fired at 1500 °C into granular clinker, cooled, and ground. Therefore, the production of one ton of cement approximately emits 0.85 MT CO2 [75]; the straightforward method for reducing the CO2 emission from cement is to replace cement with mineral admixtures to reduce the cement content. Table 9 shows that the mineral admixture replacement ratio of 10~30% can reduce the CO2 emission rate by 11.1~42.9%, meaning the more cement content is replaced, the more CO2 emission is reduced indirectly.





4. Conclusions


This study explores the various concrete properties of using mineral admixture to replace cement and mixing lightweight aggregate. The ratio is designed to use lightweight coarse and fine aggregates (particle density 1660 kg/m3), fixed water-binder ratio 0.40, mineral admixture. There are four types of materials: fly ash (FA), blast furnace slag (BFS), desulphurization slag (DLS), and glass powder (GLP), and they replace 10% and 30% of cement weight respectively. After various experiments and analysis results, the following conclusions are obtained:




	
After adding various mineral admixtures, the slump was still above 75 mm. Some hydrated mineral admixtures may have increased the paste viscosity and thus undermined the slump; however, all samples complied with the designed slump of 75 mm–100 mm.



	
The compressive strengths of FA10, BFS30, DLS30, and GLP30 at 28d were lower than that of the controlled sample (MA0), at 91%, 98%, 86%, and 95% of that of MAO, respectively. The compressive strengths of FA30, BFS10, DLS10, and GLP10 were higher than that of the controlled sample, at 105%, 100%, 104%, and 113% of that of MA0, respectively. It shows that the strength of lightweight aggregate concrete varies with the types and properties of mineral admixtures and the amount of addition.



	
The addition of fly ash, slag, and glass powder contributes to resistivity; FA30 has the highest resistivity, which is 455% of the control group at the age of 120 days; GLP30 takes second place, 377% of the control group, because the two admixtures consume a lot of cement hydration product CH−, changing the ion concentration in concrete. The main reason is that these two admixtures consume a large amount of cement hydration product CH− and change the internal ion concentration of concrete.



	
At 7 d, samples with 30% mineral admixtures had significantly lower reactivity indices, and their compressive strengths were also lower than those of samples with 10% mineral admixtures. After 28 d, except for FA10, pozzolan reactivity indices of samples with 30% mixture ratios were higher than those of samples with 10% mixture ratios, indicating that the strength is improved at later ages.



	
Adding mineral admixtures to lightweight aggregate concrete could decrease the thermal conductivity K value by about 0.4–25.7%. FA30 exhibited the optimum heat insulation, which was 79.5% of that of the controlled sample, followed by GLP10, GLP30, and DLS10 (82%). FA10, BFS10, and BFS30 showed no significant effects, indicating that the mineral admixture hydration product properties have a significant effect on the thermal conductivity of lightweight aggregate concrete.



	
MA0 have the highest unit weight and thermal conductivity, and FA30 was the lowest of both but had unit weight and thermal conductivity with a slight correlation of R2 = 0.4732. It shows that the properties of hydration products of mineral admixture have a great influence on the thermal conductivity of lightweight aggregate concrete.



	
The controlled sample had the lowest water absorption ratio. A greater water absorption ratio would lead to greater porosity and smaller thermal conductivity. The water absorption ratios of samples with an addition of mineral admixtures were 105–202% of that of the controlled sample, indicating that samples with mineral admixtures have better heat insulation.



	
Among the samples with the addition of 10% mineral admixtures, GLP10 showed a higher TC/CS ratio, with excellent heat insulation and compressive strength. As for samples with the addition of 30% mineral admixtures, their TC/CS ratios at 7d were less than that of MA0, but at a later age, their TC/CS ratios were higher than that of MA0. The TC/CS ratio of FA30 decreased most significantly.



	
The addition of mineral admixtures to the lightweight aggregate concrete can reduce the cost by 4.2~29.5%; the cost saved by the mineral admixtures varies with the material source, processing mode, and market demand. The mineral admixture replacement ratio of 10–30% can reduce the CO2 emission rate by as high as 11.1–42.9%.








In the future, based on the effect of adding mineral admixture to lightweight aggregate concrete, the applicable structure and application range can be explored.
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Figure 1. The exterior of cement and mineral admixtures. 
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Figure 2. Lightweight aggregate particles. 
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Figure 3. The compressive strength of MLAC. 
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Figure 4. Relationship between resistivity and age of MLAC with fly ash. 
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Figure 5. Relationship between resistivity and age of MLAC with slag. 
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Figure 6. Relationship between resistivity and age of MLAC with desulfurization slag. 
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Figure 7. Relationship between resistivity and age of MLAC with glass powder. 
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Figure 8. The relationship between the resistivity and age of MLAC (a) 10% (b) 30% in lightweight aggregate. 
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Figure 9. Regression curve of resistivity and compressive strength of MLAC. 
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Figure 10. The relationship between thermal conductivity and the replacement of mineral admixtures. 
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Figure 11. Thermal conductivity of MLAC with mineral admixtures 10% and 30%. 
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Figure 12. The relationship between unit weight, water absorption, and thermal conductivity. 
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Figure 13. The relationship between compressive strength and thermal conductivity. 
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Figure 14. Thermal conductivity/compressive of MLAC with (a) 10% (b) 30% mineral admixtures. 
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Figure 15. The application efficiency and the economic ratio of MLAC. 
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Table 1. The physical and chemical properties of mineral admixtures.
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	Component
	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	SO3
	LoI
	Specific Gravity (g/cm3)
	Fineness (m2/kg)





	Cement (%)
	20.74
	4.65
	3.1
	62.85
	3.43
	2.36
	2.11
	3.15
	344



	FA (%)
	48.26
	38.23
	4.58
	2.84
	2.92
	0.75
	5.38
	2.2
	393



	BFS (%)
	35.47
	13.71
	0.33
	41
	6.6
	—
	0.95
	2.9
	417



	DLS (%)
	12.16
	3.13
	6.21
	47.42
	—
	—
	—
	2.42
	395



	GLP (%)
	62.48
	16.76
	9.41
	2.7
	0.2
	—
	—
	2.46
	385
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Table 2. Properties of lightweight aggregates.
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	Specific Gravity
	Water Absorption in 30 min (%)
	Water Absorption in 24 h (%)
	Maximum Size (in)
	Finess Modulus (FM)
	Drum Strength (MPa)
	Dry-Rodded Unit Weight (kg/m3)





	Coarse Aggregates
	1.66
	4.02
	19.2
	3/8
	7.46
	15.4
	1104



	Fine Aggregates
	1.06
	6.4
	13.4
	3/5
	4.33
	—
	702
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Table 3. Design of mixtures.
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Unit: kg/m3




	
Content (%)

	
Cement

	
Mineral Admixtures *

	
Water

	
Lightweight Aggregate




	
Coarse Aggregates

	
Fine Aggregates






	
0

	
540

	
—

	
216

	
586

	
249




	
10

	
486

	
54

	
216

	
586

	
249




	
30

	
378

	
162

	
216

	
586

	
249
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Table 4. The compressive strength and slumps of Mineral Lightweight Aggregate Concrete (MLAC).
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Age (Days)

	
MA0

	
FA * (%)

	
BFS * (%)

	
DLS * (%)

	
GLP * (%)




	
10

	
30

	
10

	
30

	
10

	
30

	
10

	
30






	
7

	
32.5

	
29.0

	
26.3

	
32.5

	
31.1

	
32.6

	
23.4

	
34.5

	
28.5




	
28

	
37.2

	
31.3

	
30.1

	
36.2

	
32.6

	
38.3

	
26.9

	
39.5

	
31.6




	
91

	
38.2

	
34.8

	
38.6

	
38.0

	
35.4

	
39.4

	
30.7

	
42.4

	
35.3




	
120

	
38.3

	
35.0

	
40.2

	
38.3

	
37.4

	
39.9

	
33.0

	
43.4

	
36.5




	
Slump (mm)

	
95

	
100

	
110

	
85

	
75

	
80

	
70

	
85

	
75








Unit: MPa; Note: W/b = 0.40; * Mineral Admixtures are FA, BFS, DLS, and GLP.
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Table 5. Pozzolan reaction analysis of MLAC in all ages.
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Sample

	
Cement(%) (1)

	
Compressive Strength (MPa) (2)

	
Strength/Cement Ratio (3)

	
Pozzolan Reaction (4)

	
Coefficient of Strength/Cement Ratio (5)

	
Offer of Pozzolan (6)

	
Indicator of Pozzolan Activity (7)






	
7 day

	
MA0

	
100

	
32.48

	
0.325

	
0

	
1

	
0

	
—




	
FA10

	
90

	
28.96

	
0.322

	
−0.003

	
0.990

	
−1.0

	
−0.10




	
FA30

	
70

	
26.26

	
0.375

	
0.050

	
1.154

	
13.4

	
0.45




	
BFS10

	
90

	
32.51

	
0.361

	
0.036

	
1.111

	
10.0

	
1.00




	
BFS30

	
70

	
31.11

	
0.444

	
0.119

	
1.367

	
26.9

	
0.90




	
DLS10

	
90

	
32.59

	
0.362

	
0.037

	
1.114

	
10.2

	
1.02




	
DLS30

	
70

	
23.43

	
0.335

	
0.010

	
1.030

	
2.9

	
0.10




	
GLP10

	
90

	
34.53

	
0.384

	
0.059

	
1.181

	
15.3

	
1.53




	
GLP30

	
70

	
28.53

	
0.408

	
0.083

	
1.254

	
20.3

	
0.68




	
28 day

	
MA0

	
100

	
37.21

	
0.372

	
0

	
1

	
0

	
—




	
FA10

	
90

	
31.31

	
0.348

	
0.023

	
1.070

	
6.6

	
0.66




	
FA30

	
70

	
30.05

	
0.429

	
0.104

	
1.321

	
24.3

	
0.81




	
BFS10

	
90

	
36.2

	
0.402

	
0.077

	
1.238

	
19.2

	
1.92




	
BFS30

	
70

	
32.63

	
0.466

	
0.141

	
1.434

	
30.3

	
1.01




	
DLS10

	
90

	
38.29

	
0.425

	
0.100

	
1.309

	
23.6

	
2.36




	
DLS30

	
70

	
26.87

	
0.384

	
0.059

	
1.181

	
15.3

	
0.51




	
GLP10

	
90

	
39.54

	
0.439

	
0.114

	
1.352

	
26.0

	
2.60




	
GLP30

	
70

	
31.56

	
0.451

	
0.126

	
1.387

	
27.9

	
0.93




	
Note

	

	

	

	
(2)/(1)

	
(3)-0.325

	
(3)/0.325

	
(4)/(3)

	
(6)/[100-(1)]




	
(3)-0.372

	
(3)/0.372




	

	
Sample

	
Cement(%) (1)

	
Compressive Strength (MPa) (2)

	
Strength/Cement Ratio (3)

	
Pozzolan Reaction (4)

	
Coefficient of Strength/Cement Ratio (5)

	
Offer of Pozzolan (6)

	
Indicator of Pozzolan Activity (7)




	
91 day

	
MA0

	
100

	
38.19

	
0.382

	
0

	
1

	
0

	
—




	
FA10

	
90

	
34.84

	
0.387

	
0.005

	
1.013

	
1.3

	
0.13




	
FA30

	
70

	
38.59

	
0.551

	
0.169

	
1.443

	
30.7

	
1.02




	
BFS10

	
90

	
38

	
0.422

	
0.040

	
1.105

	
9.5

	
0.95




	
BFS30

	
70

	
35.35

	
0.505

	
0.123

	
1.322

	
24.4

	
0.81




	
DLS10

	
90

	
39.38

	
0.438

	
0.056

	
1.145

	
12.7

	
1.27




	
DLS30

	
70

	
30.74

	
0.439

	
0.057

	
1.150

	
13.0

	
0.43




	
GLP10

	
90

	
42.41

	
0.471

	
0.089

	
1.234

	
18.9

	
1.89




	
GLP30

	
70

	
35.34

	
0.505

	
0.123

	
1.322

	
24.3

	
0.81




	
120 day

	
MA0

	
100

	
38.28

	
0.383

	
0

	
1

	
0

	
—




	
FA10

	
90

	
34.96

	
0.388

	
0.005

	
1.014

	
1.4

	
0.14




	
FA30

	
70

	
40.19

	
0.574

	
0.191

	
1.499

	
33.3

	
1.11




	
BFS10

	
90

	
38.34

	
0.426

	
0.043

	
1.112

	
10.1

	
1.01




	
BFS30

	
70

	
37.35

	
0.534

	
0.151

	
1.393

	
28.2

	
0.94




	
DLS10

	
90

	
39.89

	
0.443

	
0.060

	
1.157

	
13.6

	
1.36




	
DLS30

	
70

	
33.04

	
0.472

	
0.089

	
1.232

	
18.9

	
0.63




	
GLP10

	
90

	
43.43

	
0.483

	
0.100

	
1.260

	
20.6

	
2.06




	
GLP30

	
70

	
36.49

	
0.521

	
0.138

	
1.361

	
26.5

	
0.88




	
Note

	

	

	

	
(2)/(1)

	
(3)-0.382

	
(3)/0.382

	
(4)/(3)

	
(6)/[100-(1)]




	
(3)-0.383

	
(3)/0.383
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Table 6. Thermal conductivity of MLAC.






Table 6. Thermal conductivity of MLAC.





	
Sample

	
MA0

	
FA (%)

	
BFS (%)

	
DLS (%)

	
GLP (%)




	
10

	
30

	
10

	
30

	
10

	
30

	
10

	
30






	
TC (kcal/m.h. °C)

	
0.484

	
0.422

	
0.385

	
0.482

	
0.424

	
0.397

	
0.413

	
0.396

	
0.398




	
Unit Weight (kg/m3)

	
1406

	
1375

	
1315

	
1396

	
1350

	
1287

	
1308

	
1397

	
1313




	
Absorption (%)

	
4.41

	
5.61

	
7.85

	
4.62

	
5.61

	
6.13

	
8.93

	
6.07

	
7.22
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Table 7. The strength application efficiency of MLAC.






Table 7. The strength application efficiency of MLAC.





	
NO.

	
Cement (kg/m3)

	
Mineral Admixtures (kg/m3)

	
CSE (MPa/kg) (1) *

	
Application Efficiency (%) (2) *




	
7 day

	
28 day

	
91 day

	
120 day






	
MA0

	
540

	
0

	
0.060

	
0.069

	
0.071

	
0.071

	
—




	
FA10

	
486

	
54

	
0.060

	
0.064

	
0.072

	
0.072

	
−8.77




	
FA30

	
378

	
162

	
0.069

	
0.079

	
0.102

	
0.106

	
+1.05




	
BFS10

	
486

	
54

	
0.067

	
0.074

	
0.078

	
0.079

	
−0.50




	
BFS30

	
378

	
162

	
0.082

	
0.086

	
0.094

	
0.099

	
−7.44




	
DLS10

	
486

	
54

	
0.067

	
0.079

	
0.081

	
0.082

	
+3.12




	
DLS30

	
378

	
162

	
0.062

	
0.071

	
0.081

	
0.087

	
−19.51




	
GLP10

	
486

	
54

	
0.071

	
0.081

	
0.087

	
0.089

	
+11.05




	
GLP30

	
378

	
162

	
0.075

	
0.083

	
0.093

	
0.097

	
−7.46








1 * CSE = Compressive Strength (MPa) on 7 day, 28 day, 91 day and 120 day/Cement (kg/m3). 2 * Application Efficiency = [(Compressive Strength of Mineral Admixtures—Compressive Strength of MA0)/(Compressive Strength of MA0)] × 100%; 3 W/B = 0.40.
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Table 8. Economic efficiency of MLAC.






Table 8. Economic efficiency of MLAC.





	
No.

	
Cement (kg/m3)

	
Mineral Admixtures (kg/m3)

	
Price of Cementitious Materials (NTD/m3) (1)

	
Economy (NTD) (2)

	
Economy Ratio (%) (3)




	
Cement

	
Mineral Admixtures






	
MA0

	
540

	
0

	
1350

	
0

	
—

	
—




	
FA10

	
486

	
54

	
1215

	
48.6

	
86.4

	
6.4




	
FA30

	
378

	
162

	
945

	
145.8

	
259.2

	
19.2




	
BFS10

	
486

	
54

	
1215

	
78.3

	
56.7

	
4.2




	
BFS30

	
378

	
162

	
945

	
234.9

	
170.1

	
12.6




	
DLS10

	
486

	
54

	
1215

	
2.16

	
133

	
9.8




	
DLS30

	
378

	
162

	
945

	
6.48

	
398.5

	
29.5




	
GLP10

	
486

	
54

	
1215

	
21.6

	
113.4

	
8.4




	
GLP30

	
378

	
162

	
945

	
64.8

	
340.2

	
25.2








1 The prices of cementitious materials (NTD/m3) are counted according to the unit price which provided by suppliers; NTD: New Taiwan Dollar. 2 Economy = 1350-(1); 3 Economy Ratio (%) = Economy/1350.













[image: Table] 





Table 9. The benefit of MLAC to the reduction of CO2 emission.






Table 9. The benefit of MLAC to the reduction of CO2 emission.





	W/C
	W/B
	The Ratio of Mineral Admixtures Content (%)
	Cement Content (kg/m3)
	Mineral Admixtures Content (kg/m3)
	Reduced CO2 Emission (ton/m3)
	Reduced Ratio of CO2 (%/per m3 con.)





	0.40
	0.40
	0
	540
	0
	—
	—



	0.44
	0.40
	10
	486
	54
	0.0459
	11.1



	0.57
	0.40
	30
	378
	162
	0.1377
	42.9
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