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Construction and demolition waste (CDW) was fully exploited to prepare high-strength and low-cost unfired bricks. A compound additive consisting of sodium silicate, microsilica powder, an early-strength water reducer, and wood fiber was incorporated into the bricks. Tests (compressive tests, freeze–thaw cycle tests, and scanning electron microscopy (SEM)) were carried out to determine the effect of the contents of the additive components on the properties (the strength, softening coefficient, freezing resistance, hydration products, and microscopic morphology) of unfired bricks of different curing ages. The experimental results were used to determine the optimum ratio of the components and the hydration mechanism. The optimized compound additive considerably improved the mechanical properties and crack resistance of the bricks, where the optimum content was found to be only 3.15% of the CDW dry mass. Compared with unfired bricks with no additives, unfired bricks with the optimized compound additive exhibited increases in the 1- and 28-day compressive strengths and softening coefficient of up to 66.8%, 65.9%, and 8.46%, respectively (corresponding to values of 8.46 MPa, 29.36 MPa, and 0.934, respectively) and a decrease in the freeze–thaw strength loss rate of 61.38%. Incorporating the compound additive into the unfired bricks considerably reduced the environmental impact. The SEM micrographs showed that the compound additive increased the silicon-to-calcium ratio and workability of the preparation mixture, increased the hydration rate, promoted the conversion of calcium hydroxide in the product to a C–S–H gel, and enhanced the density and strength of the hydration product.
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1 INTRODUCTION
Construction and demolition waste (CDW) is solid waste generated by activities such as the construction, demolition, and renovation of buildings (Islam et al., 2019). Studies have shown that construction waste accounts for 30%–40% of the total solid waste generated worldwide (Islam et al., 2019; Pallewatta et al., 2023). Construction and demolition waste has environmental and economic repercussions in many countries (Aslam et al., 2020). As a result of accelerating urbanization, the estimated total quantity of construction waste in China in 2014 was over 1.1 billion tons (Menegaki and Damigos, 2018; Duan et al., 2019; Gupta et al., 2020). This quantity exceeded 20 billion tons in 2020 and has since been increasing at a rapid rate of 3 billion tons per year (Liu et al., 2022). More than 50% of CDW is not directly used and is stored in outdoor open spaces, which takes up a large proportion of arable land, affects the urban landscape, and causes severe environmental pollution (Wu et al., 2022). Reuse is the most effective management and disposal scheme for reducing the quantity and toxicity of CDW.
At present, CDW is commonly used to prepare recycled aggregates. After crushing and sieving of CDW, coarse particles with a particle size greater than 4.75 mm are used as recycled aggregates for concrete (Mi et al., 2022; Raza et al., 2022; Zhang et al., 2022), but the fine particles are directly discarded and dumped because of a high impurity content. Discarding these fine particles reduces the waste utilization rate and may cause severe secondary air and water pollution (Jannat et al., 2020; Limami et al., 2020; Limami et al., 2021). Unfired bricks are not picky about raw materials, and CDW fine particles contain a lot of active substances (Borrachero et al., 2022; Sanqiang et al., 2022). With the activation of additives (Villaquirán-Caicedo and Mejía de Gutiérrez, 2021), they can promote the strength of unfired bricks and save costs. Therefore, using fine CDW particles to fabricate unfired bricks has been proven to be both environmentally friendly and technically feasible (Menegaki and Damigos, 2018; Aslam et al., 2020; Kurmus and Mohajerani, 2020).
Unfired bricks are building blocks fabricated from binder, natural sand, clay, and a portion of solid waste materials. The brick preparation mixture is homogenized by vibration, subjected to static pressure, and manually molded (Fragnoli et al., 2023; Othmane et al., 2023). Waste materials can replace some of the raw materials used for unfired bricks, and a binder can be used instead of firing to produce strength. The prepared bricks are a low-carbon, economical, and sustainable building material (Chen et al., 2023).
Many researchers have substituted natural materials in unfired bricks by stabilizing various waste materials, such as tunnel musk, mud, sand, clay, CDW, stone dust, and paper-mill residue. Hu et al., 2022b attempted to use cement and additives to bond tunnel sludge to prepare unburned bricks to improve the utilization rate of tunnel sludge. The research results showed that the addition of cement, soil ionic agents, and red brick powder can significantly improve the compressive strength of unburned bricks. Hu and Hongye, 2021 prepared unfired bricks using sulfoaluminate cement stabilized slurry and investigated the effects of changes in slurry content on the fluidity, setting time, porosity, and compressive strength of the slurry. Tao et al., 2018 tested the physical and mechanical properties and microstructure of unfired brick specimens using sand as the substrate, and pointed out that compared to only adding cement, the addition of GGBS can adjust the particle size distribution morphology, promote volcanic ash reaction, and fill the pores, thereby improving the compactness and strength of the specimens. Some scholars also use natural clay and river silt, excavation silt, stone mud, etc. to prepare unfired bricks, but soil with high viscosity has the characteristic of poor water stability, requiring the addition of a large number of stable materials for blending (Oti et al., 2014; Dove et al., 2016; El Fgaier et al., 2016; Muheise-Araalia and Pavia, 2021; Sharma et al., 2022). To reduce the weight of unfired bricks. Raut et al., 2013 used paper mill residue (RPMR) and rice husk ash (RHA) to improve the performance of unfired bricks. When the compressive strength reached 15 MPa, the density could be reduced to 0.55 g/cm3. However, this type of unfired brick has lower fire resistance. It has been proven feasible to replace some natural clay with crushed construction waste and use cement, blast furnace slag, lime, and fly ash as cementitious materials to prepare unfired bricks. However, the utilization rate of construction waste is relatively low (Xu et al., 2012; Contreras et al., 2016; Seco et al., 2018). Chen et al., 2023 exploited the similarity between the characteristics of natural clay and red mud by using a dealkalized calcium silicate residue made of red mud, cement, and sand as raw materials in the preparation of unfired lightweight bricks. Increasing the content of the dealkalized calcium silicate slag was found to reduce the compressive strength and softening coefficient of the unfired bricks. The strength of the lightweight bricks was maximized (at 15 MPa) by using a preparation mixture of 20%, 50%, and 30% of added cement, dealkalized calcium silicate, and sand, respectively. Shi et al., 2020 evaluated the performance of bricks prepared from pulverized coal ash slag, phosphogypsum slag, and silt. The fluidity of the preparation mixture decreased as the silt content increased. Using a cementitious material dosage of 40% of the silt mass produced bricks with a compressive strength of only 11.6 MPa. Zhu et al., 2020 used a cement–lime dual gel to stabilize silt for preparing unfired bricks. The effect of the cement-to-lime ratio on the properties of unfired bricks was studied. Using equal contents (20%) of R. SAC42.5 cement and lime produced unfired bricks with a strength of up to 18 MPa. Yu et al., 2021 studied how the silt content affected the strength, density, shrinkage rate, and water absorption of unfired bricks. The brick strength was found to decrease as the silt content increased. Using a 63:37 silt-to-cement ratio resulted in a brick strength of only 8.6 MPa. The application of a low-performing waste, such as silt, for fabricating unfired bricks is limited by the need to use large quantities of binder as well as by the low strength and durability of the produced bricks (Zhao and Gou, 2021; Hu et al., 2022b; Mojapelo and Nkosinomusa Nomfundo, 2022).
Some researchers have used CDW to improve the physical and mechanical properties of unfired bricks. J.E. Oti et al., 2014 assessed the feasibility of using brick powder waste to replace clay in unfired bricks. For unfired bricks with 5%–20% waste brick powder, the compressive strength increased with the powder replacement rate. Aguilar-Penagos et al., 2017 used cactus mucilage and four different building waste powders to replace clay in unfired bricks. Although CDW can be used with natural binders to reduce environmental impact and costs, CDW has a replacement rate of only 17% and produces bricks with a maximum strength of only 6 MPa. Khitab et al., 2021 used brick powder and ceramic powder to replace a portion of the clay used in clay bricks. The results showed that as the replacement rate of brick powder and ceramic powder increases, the properties of the brick such as frost resistance, compressive strength, and elastic modulus also increase. The best performance is achieved at a replacement rate of 9%. At this time, the brick showed the highest resistance against freeze and thaw (only 0.87% weight loss), with the highest compressive strength and elastic modulus being 11 MPa and 3.32 MPa, respectively. When the powder substitution rate exceeds the optimal value, various properties decrease accordingly. However, when the powder content reaches 27%, the various properties of the brick are consistent with those of 100% clay brick. A. Seco et al., 2018 used recycled concrete and ceramic fine particles to replace clay in unfired bricks. The performance of the unfired bricks deteriorated as the waste replacement rate was increased. The maximum replacement rate of concrete and ceramic particles that did not affect the brick performance was found to be 50% and 30%, respectively. Lei et al., 2022 studied the influence of sisal fiber on compressive strength, flexural strength, porosity, microstructure, and saturation coefficient of waste ceramic tile recycled brick. The research results showed that the addition of sisal fiber increases the maximum flexural strength of recycled bricks by 36.83%, but reduces the maximum compressive strength by 19.12%. When the dosage is 3.0 kg/m3, the 28 days flexural strength is 4.5 MPa, and the compressive strength is 16 MPa, respectively, at this time, the overall performance of the compressive strength and flexural strength of recycled bricks reached the optimal balance. In previous studies, replacing less than 50% of natural materials with construction waste and using over 30% of cementitious material was found to produce unfired bricks with strengths below 20 MPa (Contreras et al., 2016; Menegaki and Damigos, 2018). This result shows that the production of unfired bricks requires considerable consumption of natural materials, such as sand, clay, and cementitious materials. In addition, high production costs and the poor mechanical properties of the produced bricks pose considerable challenges to the industrial preparation of unfired bricks.
To promote the large-scale production of unfired bricks prepared from CDW, this study was performed to investigate the feasibility of using CDW (as a complete replacement for natural materials) in conjunction with a small quantity of cement and a compound additive to prepare high-performance and low-cost fired bricks. The compound additive consisted of sodium silicate, microsilica powder, an early-strength water reducer, and wood fiber. Compressive strength tests, freeze–thaw cycle tests, and scanning electron microscopy (SEM) were carried out to determine how the contents of the additive components affected the properties (the strength, softening coefficient, frost resistance, hydration products, and microstructure) of bricks of different ages. The optimal ratio of the components of the compound additive was determined, and the hydration mechanism was elucidated. The environmental impact of the compound additive was evaluated.
2 MATERIALS AND METHODS
2.1 Materials
Fine particles were prepared from CDW and mixed with P.O42.5 ordinary Portland cement (as the base cementitious material) and a compound additive to fabricate unfired bricks. The fine particles had a particle size of <4.75 mm and was obtained from a CDW crushing plant in Zhengzhou, Henan province, China. The P.O42.5 ordinary Portland cement was produced by the Tianrui Cement Factory. The compound additive used in the unfired bricks had four components. Water glass (liquid sodium silicate with a Baume degree of 37.3) was used as an activator for the fine particles and cement. Microsilica powder with a purity of 96% was used as a reinforcing agent. A water reducer was used to increase the content of free water in the preparation mixture and enhance the early strength of the unfired bricks. Wood fiber was used to enhance the frost- and crack-resistance of the unfired bricks. Table 1 shows the contents of the main oxides in the CDW, cement, and microsilica powder.
TABLE 1 | Chemical and environmental characterization of construction and demolition wastes (CDW), cement, and microsilica powder.
[image: Table 1]2.2 Preparation and test parameters
Figure 1 shows the test scheme used in this study. The fine particles produced from CDW and the components of the compound additive were weighed, mixed manually, moistened, and homogenized. A two-step mixing procedure was used. First, the dry materials were placed in a blender and stirred for 120 s. Water was added to the mixture, which was then stirred for a further 480 s to ensure that the mixture had been homogenized and had fully absorbed the water. The mixture was placed in a special mold for preparing standard brick specimens with dimensions of 240 mm × 115 mm × 53 mm, and a pressure of 20 MPa was exerted on the mold for 2 s. The samples were stored indoors for 1 day (d) to obtain early strength, then sprayed with water, and cured to the desired age.
[image: Figure 1]FIGURE 1 | The process used to manufacture unfired bricks in the laboratory.
The compressive strength and softening coefficient of unfired bricks of various curing ages were measured following the JC/T422-2007 (2007) and GB/T 2542-2012 (2012) standards, respectively (Figure 2). Freeze–thaw cycle tests were also conducted on the bricks.
(1) Compressive strength test: The dried unfired bricks were broken by bending and arranged in stacks ≥100 mm long. The bricks were then placed in a TYA-2000 pressure testing machine and loaded in increments of 1 kN/s until the brick body was damaged. The average of the measured compressive strengths of five brick samples of a particular curing age was reported. The strengths of brick samples with curing ages of 1, 7, and 28 days were determined.
(2) Softening coefficient test: Unfired bricks were soaked in water for 24 h, wiping off surface moisture with a damp towel, and the compressive strength was measured.
(3) Freeze–thaw cycle test: The brick temperature was controlled from −15°C to 20°C. One freeze–thaw cycle consisted of freezing a brick specimen at −15°C for 5 h (h) and then placing the brick in warm water at 20°C for 3 h. The compressive strength of the brick sample after freezing and thawing was measured.
[image: Figure 2]FIGURE 2 | Tests performed on unfired bricks in the laboratory (A) Compressive strength test (B) Softening coefficient test (C) Freeze–thaw cycle test.
2.3 Test scheme
The components of the compound additive were added to the unfired bricks in separate stages to optimize the component contents. On the basis of the results of previous tests, cement was used as the base cementitious material. The cement content was 10% of the dry mass of the fine particles, and the water content was 17% of the total mass of the fine particles and cement. The test scheme consisted of four stages, and 19 different combinations of cementitious materials were added to the preparation mixture (Table 2). The prepared unfired bricks were then cured to the desired ages. The physical and mechanical indices (the compressive strength, softening coefficient, and frost resistance) of the cured bricks were then measured.
TABLE 2 | Test procedure used to optimize the contents of the components of the compound additive.
[image: Table 2]Water glass was added as an activator to the fine particles produced from CDW and cement. During the first test stage, the optimal dosage of water glass was determined to be 1% (A1) based on comparing the values of the compressive strength, softening coefficient, and frost resistance of the unfired bricks with various contents of water glass. This optimal dosage was then used in the initial control group tested in the second stage. During the second stage, microsilica powder was added as a reinforcing agent in various proportions to improve the long-term strength of the unfired bricks. The optimal proportion of microsilica powder was determined by assessing the three aforementioned indices and used for the initial control group (B4) tested in the third stage. The third stage consisted of adding a water reducer at various contents to the unfired brick to improve the early strength and facilitate hydration of the cement and microsilica powder. The optimal water reducer content (C2) was determined by evaluating the early strength of the bricks. As the thus-prepared unfired bricks were prone to cracking and had poor frost resistance, wood fiber was added during the fourth test stage. The optimal content of wood fiber was determined by analyzing the frost resistance of the bricks. The optimal ratio of the components of the compound additive was thereby determined.
3 RESULTS AND DISCUSSION
3.1 Effect of the water-glass content on the brick properties
The effect of the water-glass content on the properties of the unfired bricks was investigated. Bricks containing 1%–5% of water glass (in 1% increments) were prepared and cured for 1, 7, and 28 days Figure 3 shows the compressive strength versus the water-glass dosage for bricks of various ages.
[image: Figure 3]FIGURE 3 | Influence of the water-glass dosage on the compressive strength of bricks of various ages.
As the water-glass content increased, the compressive strength increased up to a water-glass content of 1%–2% and then decreased. The early strength of the unfired bricks cured for 1 day ranged between 5 and 6 MPa. For unfired bricks with 1% water glass, the compressive strength was increased by 4.2% and 7.9% by curing for 1 and 28 days, respectively.
Many studies (Robayo-Salazar et al., 2017; Riyap et al., 2020) have shown that the material strength increases with the water-glass content. However, the optimal water-glass content was found to be 1%–2% in this study, mainly because of the characteristics of the water glass and preparation technology used. A fast reaction between water glass and cement occurred as the preparation mixture was stirred. Thus, as the water-glass content increased, the rate of generation of the hydration products of the reaction increased, and the number and diameter of granular flocculants in the mixture increased. During pressing of the mixture, the largest particles were crushed first, whereas the small particles were not affected and adhesion between particles was lost after the gel product was destroyed. Therefore, as the dosage of the water glass increased, the strength of the unfired brick increased up to the optimal dosage and then decreased considerably.
Figure 4 shows the effect of the water-glass dosage on the softening coefficient and frost resistance of the unfired bricks. The softening coefficient varied considerably with the curing age. Regardless of the water-glass content, the maximum softening coefficient (almost >1.0) was obtained for bricks cured for 1 day. This result could be attributed to the softening effect of water being weaker than the strength enhancement from hydration of the cement and water glass during soaking. The softening coefficient of the bricks cured for 28 days varied between 0.82 and 0.88. The minimum softening coefficient was obtained by curing the bricks for 7 days, the age at which water had the strongest softening effect on the unfired bricks. For the unfired bricks cured for 7 and 28 days, the softening coefficient first increased and then decreased with increasing water-glass content. The softening coefficient reached a maximum for the bricks with a water glass content of ca. 1%. Thus, as the curing age increased, the strength first increased substantially but then decreased. For the unfired bricks that were cured for 7 days, insufficient hydration resulted in the formation of a large number of internal pores and softening. As the water-glass content increased, the strength loss of the unfired bricks (as measured in the freeze–thaw cycle tests) initially decreased and then increased nonlinearly. For bricks with a water-glass content of 1%, the minimum loss rate was 13.58%, corresponding to a decrease in the compressive strength from 18.93 MPa to 16.36 MPa.
[image: Figure 4]FIGURE 4 | Effect of the water-glass content on the softening coefficient and frost resistance of the unfired bricks.
By comprehensively considering the effect of the water-glass content on the compressive strength, softening coefficient, and frost resistance of the unfired bricks, the optimal water-glass content was determined to be 1% (Group A1). The compressive strength, softening coefficient, and frost resistance of the unfired bricks with 1% water glass after 28 days of curing were 7.9%, 2%, and 5.5% higher, respectively, than those of the control group.
3.2 Effect of the content of microsilica powder on the brick properties
As mentioned in Section 3.1, the unfired bricks with the optimal water-glass content had a 28-day compressive strength of 18.93 MPa, which meets the minimum MU15 level specified in the standards (2007). Therefore, the strength of the unfired bricks urgently needed to be improved. At this test stage, Group A1 was used as the initial group B0 to determine the optimal content of microsilica powder by comparing the values of the compressive strength, softening coefficient, and frost resistance of unfired bricks with various contents of microsilica powder. Microsilica powder particles are small and uniform, with large specific surface area and active properties, which can effectively fill the small pores in the sample and improve the compactness. At the same time, it reacts with the strong calcium oxide in the cement hydration product to generate the hydrated calcium silicate gel with high stability and strength. Therefore, the addition of micro silica powder can effectively improve the strength of unburned bricks (Biao et al., 2022).
Figure 5 shows the compressive strength of unfired bricks versus the content of microsilica powder. As the content of microsilica powder increased, the growth rate of the 7- and 28-day compressive strength first increased slowly, then increased rapidly, and finally decreased slightly. Increasing the content of microsilica powder from 0% to 1% resulted in a slow increase in the growth rate of the 7- and 28-day compressive strength to 0.5% and 6%, respectively. By contrast, as the content of microsilica powder was increased to 2%, the 7- and 28-day compressive strength increased rapidly to 19.64 and 25.47 MPa, respectively (corresponding to growth rates of 26.6% and 34.5%, respectively). Further increasing the content of microsilica powder to 2.5% caused the growth rates for the 7- and 28-day compressive strength to decrease to 23.9% and 27.3%, respectively. The early strength of the unfired bricks that were cured for 1 day exhibited an overall increasing trend in the content of microsilica powder. A maximum growth rate of the early strength of 10.4% was obtained for bricks with 2.5% microsilica powder.
[image: Figure 5]FIGURE 5 | Effect of the content of microsilica powder on the compressive strength of the unfired bricks.
Figure 6 shows the variation in the softening coefficient and frost resistance of the unfired bricks with the content of microsilica powder. The softening coefficient of the bricks with curing ages of 7 and 28 days increased overall as the content of the microsilica powder increased, reaching a maximum at contents of microsilica powder of 2.5% and 2%, respectively. For the unfired bricks with added microsilica powder, the compressive strength was clearly strongly correlated with the frost resistance (Figures 5, 6). That is, an increase in the compressive strength generally corresponded to an increase in the frost resistance. A minimum freeze–thaw strength loss rate of ca. 8.5% was obtained for bricks with 2% microsilica powder.
[image: Figure 6]FIGURE 6 | Effect of the content of microsilica powder on the softening coefficient and frost resistance of the unfired bricks.
3.3 Effect of the water-reducer content on the brick properties
In Group B4, the unfired bricks that were cured for 28 days had a maximum compressive strength of 25.47 MPa, which meets the high MU25 level in the standards (2007). However, the unfired bricks that were cured for 1 day had a low early strength, which does not facilitate brick transport and storage. Therefore, a water reducer was added during the third test stage to improve the early strength of the unfired bricks by fully using the internal moisture of the bricks to accelerate hydration. During this stage, Group B4 was used as the initial group C0, and the effect of the water-reducer content on the early compressive strength of the unfired bricks was determined. The water-reducer content was calculated based on the cement quality.
Figure 7 shows the compressive strength of the unfired bricks of various curing ages versus the water-reducer content. The increase in the compressive strength for the unfired bricks cured for 1 day was larger than those of bricks cured for 7 and 28 days. As the water-reducer content was increased from 0% to 0.5%, the early strength of the bricks with a curing age of 1 day increased rapidly by 40.5% to a maximum of 8.46 MPa. As the water-reducer content was further increased from 0.5% to 1%, the early strength decreased slowly and the rate of increase of the strength compared with that of Group C0 decreased to 33.7%. As the water-reducer content increased, the growth rate of the compressive strength of bricks that were cured for 7 and 28 days first increased slowly to a maximum at a water-reducer content of 0.5% and then decreased rapidly.
[image: Figure 7]FIGURE 7 | Effect of the water-reducer content on the compressive strength of the unfired bricks.
Figure 8 shows the softening coefficient and frost resistance of the unfired bricks with water-reducer contents ranging from 0% to 1%. For the unfired bricks with a curing age of 1 day, the softening coefficient gradually decreased as the water-reducer content increased. The softening coefficients for all the considered bricks were >1.0 because hydration was accelerated under the combined effects of the water reducer and water softening. As the water-reducer content increased, the softening coefficient of the unfired bricks cured for 28 days ranged from 0.9 to 0.92, indicating that the water reducer had an insubstantial effect on the strength. Figure 8 shows that the freeze–thaw strength loss rate fluctuated around ca. 10% for bricks with <1% water reducer but increased sharply to 13% for bricks with 1% water reducer.
[image: Figure 8]FIGURE 8 | Effect of the water-reducer content on the softening coefficient and frost resistance of the unfired bricks.
3.4 Effect of the wood-fiber content on the brick properties
Although the strength of the unfired bricks was improved during the first three test stages, the bricks remained prone to microcracking during curing. Microcracks can provide channels for water transfer, and subsequent crack expansion and block loss during a freeze–thaw cycle can reduce the frost resistance of bricks. Therefore, to improve the crack resistance, frost resistance, and water retention of the unfired bricks, wood fiber was added at various contents during the fourth test stage. The optimal wood-fiber content was determined from the test results. Figures 7, 8 show the effect of the wood-fiber content on the compressive strength, water resistance, and frost resistance of the unfired bricks.
Figure 9 shows small-amplitude fluctuations in the compressive strength of the unfired bricks with various contents of added wood fiber and a curing age of 1 day. As the wood-fiber content increased, the strength of bricks with curing ages of 7 and 28 days first increased and then decreased. The bricks with 0.1% wood fiber and curing ages of 7 and 28 days had peak strengths of 22.61 and 29.36 MPa, respectively. Figure 10 indicates that as the wood-fiber content increased, the freeze–thaw strength loss rate of the unfired bricks first decreased rapidly and then increased rapidly. The bricks with 0.1% wood fiber exhibited the minimum strength loss of 5.6%, which was 39% lower than that of the control group (Group D0). Thus, the addition of wood fiber at an appropriate content can improve the frost resistance of unfired bricks. The softening coefficient of the unfired bricks varied with increasing fiber content. The softening coefficient of bricks cured for 28 days was slightly larger than those cured for 7 days.
[image: Figure 9]FIGURE 9 | Effect of the wood-fiber content on the compressive strength of the unfired bricks.
[image: Figure 10]FIGURE 10 | Effect of the wood-fiber content on the softening coefficient and frost resistance of the unfired bricks.
The aforementioned changes mainly result from interweaving of the wood fiber and cementitious products into a network structure in the unfired bricks. These dispersed network structures both improve the compressive strength of unfired bricks and limit the formation and expansion of cracks, thereby improving the anticrack performance of the unfired bricks. However, an excessive content of wood fiber resulted in inadequate dispersion of wood fibers in the bricks, creating a weak interface and deteriorating the compressive strength. The flocculated wood fiber strongly absorbed water, making the brick prone to microcracking upon freezing (Can Mark and Vincent, 2022). Therefore, the reasonable additional amount of wood fibers has become a key issue in research. If the addition amount is too small, the wood fibers are independent of each other, making it difficult to form an effective tensile effect in unburned bricks, and the improvement of the physical and mechanical properties of the sample is limited. However, if the addition amount is too much, it can cause the fibers to form clumps, which actually reduces the compressive strength and crack resistance of unburned bricks. Based on the experimental results in Figure 10, the addition of 0.1% wood fiber reached the maximum value without forming clumps in unburned bricks, which is the optimal value. However, if specific fibers or special spraying processes are used to reduce fiber aggregation, the fiber content can be further increased.
Figure 11 shows the cracks and surface damage for the unfired bricks with 0%, 0.1%, and 0.2% wood fiber after 15 freeze–thaw cycles. After freeze–thawing, prominent cracks appeared on the side of the bricks without added wood fiber, whereas the surface of the bricks with 0.1% wood fiber was intact and smooth, without visible cracks or other damages. Freeze–thawing of the brick body containing 0.2% wood fiber resulted in various types of damage (such as corner shedding, surface detachment, and crack development). Thus, the freeze–thaw resistance of unfired bricks can be improved by adding 0.1% wood fiber.
[image: Figure 11]FIGURE 11 | Cracks in unfired bricks with a fiber content of (A) 0%, (B) 0.1%, and (C) 0.2%.
3.5 Environmental impact of the compound additive
On the basis of the results of the four test stages, the optimal group of compound additives is D2 in Table 2, and the optimal ratio of water glass: microsilica powder: water reducing agent: wood fiber was found to be 1:2:0.05:0.1, and the optimal content was 3.15% of CDW dry mass. Figure 12 shows the environmental impact of the compound additive based on the carbon dioxide (CO2) emissions and embodied energy. In the figure below, CA denotes the compound additive.
[image: Figure 12]FIGURE 12 | Environmental impact of the compound additive based on (A) the absolute and relative CO2 emissions and (B) the absolute and relative embodied energy.
For purposes of comparison (Seco et al., 2018), the absolute and relative CO2 emissions and embodied energy were calculated for unfired bricks made of clay with 10% cement, CDW with 10% cement, and CDW with 10% cement and 3.15% of the compound additive (Damineli et al., 2010; Grist et al., 2015; Seco et al., 2018).
The bricks based on CDW have lower CO2 emissions and embodied energy than the bricks based on clay because CDW has a zero environmental impact. As the compound additive has a lower environmental impact than cement, there is no discernible difference between the absolute environmental impact of bricks with small quantities of the additive and bricks without the additive. However, the incorporation of the compound additive into the unfired brick considerably improves the compressive strength, reducing the relative CO2 emissions from 5.31 kg/MPa to 2.80 kg/MPa (a 47.1% decrease) and the relative embodied energy from 21.71 MJ/MPa to 11.45 MJ/MPa (a 47.3% decrease). This result shows that the incorporation of the compound additive can considerably reduce the environmental impact of unfired bricks based on the relative CO2 emissions and embodied energy.
4 THE ACTION MECHANISM OF THE COMPOUND ADDITIVE
To elucidate the action mechanism of the compound additive, SEM was used to analyze the brick samples in Groups A0–D0 that were cured for 28 days.
Figure 13 shows that the microstructure and mineral composition of the unfired bricks containing various additives were substantially different (Figure 13). In Group A0 (Figure 13A), the addition of cement to the fine particles generated few hydration products. By comparison, the addition of cement and water glass to the fine particles (Group B0) generated more hydration products in the form of clusters in the unfired bricks (Figure 13B), indicating that the addition of sodium silicate facilitated the formation of a silicic acid gel. It can be seen that the addition of water glass increases the hydration rate of cement, resulting in the production of a large amount of poorly crystallized hydrated calcium silicate in the sample in a short period of time (Zhong and Neohiko, 1994; Wang et al., 2023). This phenomenon becomes more apparent as the production of glass increases. And with the rapid consumption of water, there will also be a lot of calcium hydroxide precipitation. So, adding an excessive content of sodium silicate to the preparation mixture caused the fast reaction between the water glass and cement slurry to generate a large number of hard product particles. Breakage of these hard particles during brick preparation deteriorated the strength of the unfired bricks. Thus, the strength of the unfired bricks is optimized by the addition of water glass at an appropriate content but is deteriorated by the addition of excess water glass. Group C0 consisted of the fine particles with added cement, the water glass, and the microsilica powder (Figure 13C), resulting in the generation of many fibrous and tufted silica gels and only a few calcium hydroxide flakes. Thus, incorporating the microsilica powder into the bricks reduced the ratio of calcium ions to silicate ions and facilitated the formation of a strong fibrous silica gel. The cross-linked fibrous gels bridged the coarse particles, enhancing the overall strength of the unfired brick. A fast reaction between the silicate ions and cement readily produced clusters of C–S–H silicate gel particles (Figure 13B). The main hydration products were a large number of uniform, dense, fibrous, and clustered siliceous gel particles (Figure 13C) because of the slow hydration rate of the active microsilica powder and cement. Adding a water reducer to the fine particles (Group D0) generated similar hydration products to those generated in Group C0, albeit with a higher content of the fibrous silicate gel (Figure 13D). This difference may have resulted from the water reducer inhibiting the formation of ettringite and enhancing the release of free water molecules during the early stage of hydration, facilitating the formation of fibrous silicate gel particles during the late stage (Hu et al., 2022a). The strength analysis presented in Section 3 shows that the polycarboxylic water reducer improves the early compressive strength of the unfired bricks and substantially increases the long-term strength. The incorporation of wood fiber enhanced the performance of the unfired bricks because a network structure formed instead of the hydration reaction occurring. Thus, there was no need to analyze the microstructure and mineral composition of the bricks with added wood fiber.
[image: Figure 13]FIGURE 13 | Scanning electron microscopy images of the hydration products generated in the unfired bricks in Groups (A) A0, (B) B0, (C) C0, and (D) D0.
5 CONCLUSION
This study was performed to evaluate the feasibility of fabricating high-strength and low-cost unfired bricks by using a CDW fine particles, no added natural material, a small quantity of cement, and a compound additive. Experiments were carried out to determine the optimum ratio of the components of the compound additive and the action mechanism of this additive. The compound additive stimulates the activity of volcanic ash, affects water retention, and enhances the performance of the preparation mixture. The strength and compactness of the cement hydration products are thereby enhanced, reducing the required quantity of cementitious material and comprehensively improving the strength, water resistance, and frost resistance of the unfired bricks. The main conclusions of this article are as follows:
1) Sodium silicate can activate the fine particles and cement ash to accelerate cement hydration. However, the addition of more than 1% sodium silicate can result in the generation of flocculation particles that deteriorate the mechanical properties of unfired bricks.
2) The incorporation of microsilica powder into unfired bricks containing water glass promotes the conversion of calcium hydroxide to hydrated calcium silicate, improves the compactness of hydrated calcium silicate, and considerably improves the mechanical properties and water resistance of the bricks.
3) The addition of a water reducer at an appropriate content can improve the workability of the preparation mixture and increase the hydration rate of the binder. However, excessive addition of the water reducer causes water to be released from the preparation mixture during pressing and forming, and this water outflow inhibits hydration.
4) Wood fiber incorporated at an appropriate content into the preparation mixture can interweave with gel products into a network structure, which improves the compressive strength of the brick, inhibits the formation and expansion of cracks, and improves the crack resistance of the brick. However, added wood fiber at contents above 0.1% cannot be dispersed in the preparation mixture, resulting in the formation of a weak surface on the brick body that deteriorates the mechanical properties of the unfired bricks.
5) The optimal ratio of the water glass: microsilica powder: water reducer: wood fiber was 1:2:0.05:0.1, and the optimal content of the compound additive was 3.15% of the dry mass of CDW in the bricks. Compared with the bricks without the compound additive, the unfired bricks with the optimal content of the compound additive exhibited increases in the 1-day and 28-day compressive strengths and a softening coefficient of 66.8%, 65.9%, and 8.46%, respectively (corresponding to values of 8.46 MPa, 29.36 MPa, and 0.934, respectively), and a 61.38% decrease in the freeze–thaw strength loss rate.
6) An environmental impact analysis showed that incorporation of the compound additive can considerably reduce the relative CO2 emissions and embodied energy of the unfired bricks.
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