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Abstract

:

Traffic noise and solid waste pollution are two major problems that restrict urban development and affect urban environments. In this study, a new kind of cement-based material for sound barriers was prepared using industrial waste fly ash cenosphere to explore the material ratio of the sound absorption, sound insulation, and composite layers and to optimize the material’s properties. The research findings showed that the compressive strength had significant effects on the material properties of the sound absorption layer, with the optimal compressive strength range being 0.2–0.4 MPa. At 0.4 MPa, the material with an aggregate-to-binder ratio of 1.0 had the best comprehensive properties. The sound insulation layer had the best compressive strength of 29.00 MPa at a 45% fiber admixture. The composite had the best sound insulation when the thickness ratio of the sound absorption and insulation layers was 60:40, and the sound transmission loss was 38 dB. The embodied carbon (EC) and embodied energy (EE) of the new fly ash cenosphere across the whole life cycle were 57.57 kgCO2e and 477.08 MJ, respectively, which were 4.8−52.9% and 53.2−82.3% lower than other traditional sound barriers, respectively. Thus, they were environmentally friendly and had satisfactory energy-saving and environmental protection values.
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1. Introduction


With the rapid development of urbanization, the acoustic environment has been confronted with increasingly prominent quality problems and has thus attracted much attention [1,2]. In 2020, the competent authorities in Chinese cities received a total of 2.018 million complaints and reports on environmental noise, accounting for 41.2% of all of the reports on environmental pollution [3]. As an environmental pollutant, traffic noise has affected the living quality and lifestyle of nearby residents for a long time [4,5,6], and the parameters affecting its emission are many [7]. Aside from the engines and flow composition, the acoustic impedance [8,9], tire model [10], pavement aging [11], pavement texture [12,13], and mixture [14,15] are all important parameters. According to many years of practice across the world, scientifically designing and planning noise reduction facilities such as sound barriers has the most remarkable effect on noise reduction and absorption [16,17,18]. As such, the noise reduction of the “sound shadow area” can reach 5–15 dB, offering a flexible and controllable protection range, being easy to maintain [19,20,21].



A sound barrier is an installation placed between a noise source and a receiver. The noise reduction mechanism of a sound barrier is achieved mainly by cutting off the path of sound transmission [22]. Improving the sound absorption performance of a sound barrier and reducing the reflected sound can effectively reduce the negative effects of traffic noise on human settlements. There are also innovative noise barriers based on sonic crystals, which are designed to recycle materials and be more appreciated by residents [23,24,25]. At present, the commonly used sound barriers are composed of cement, metal composites, acrylic, and wood [26]; however, they generally have no effect on sound absorption. Road noise barriers installed on the ground can be made of reinforced concrete slabs, which are commonly used in expressways [27,28]. This product is low in cost, but it is heavy, and the material’s edge is likely to be damaged during transportation. For rail transit, metal composite sound barriers are usually used [29], in which light fiber sound absorption materials such as glass wool are usually used to fill in the metal plates. However, such materials have some defects, such as a poor dustproof effect and poor weather resistance. In addition, acrylic sound barriers are expensive, while wooden sound barriers have poor durability and low corrosion resistance. Therefore, it is of significance for traffic noise reduction to research and prepare sound barriers with good acoustic properties.



Concrete is a kind of building material with various functions, a long lifespan, and a low price. Ordinary concrete has good sound insulation properties, owing to its high density, but its sound absorption capacity is limited [30]. Previous research has shown that the open pore ratio of concrete can be effectively increased through physical pores or lightweight aggregates such as cenosphere [31], recycled plastic [32], and crumb rubber [33] to improve the sound absorption effect of cement-based materials [34,35,36]. The open pores and the outer surface of the material form a continuous channel. When sound is incident on the surface of the material, the sound energy is converted into heat energy, and the sound energy dissipation is realized [37,38]. In addition, some studies have shown that adding an appropriate amount of glass fiber into concrete can effectively reduce the micro-cracks in concrete materials and improve their crack resistance and toughness [39,40,41].



The lightweight aggregate selected in this work was fly ash cenosphere. Due to the notable demand for energy, thermal power plants in China are producing an enormous amount of coal fly ash every year. To avoid severe environmental pollution, fly ash should be treated and utilized properly. As an effective utilization approach, in the combustion process of fly ash, hollow glass spheres with a density less than water, namely fly ash cenosphere, can be extracted. Compared with other lightweight aggregates, fly ash cenosphere has several advantages, including high strength, stable chemical properties, and low thermal conductivity [42,43]. At present, fly ash cenosphere is widely used in the insulation of industrial equipment, but research on their acoustic properties is quite limited [43,44].



Therefore, under the challenge and objective of global carbon neutrality, this study aimed to develop a new type of cement-based composite material suitable for road sound barriers by utilizing industrial solid wastes such as fly ash cenosphere and waste glass fibers to further broaden the associated recycling methods and types of solid wastes and promote sustainable and greener development of the building material industry.




2. Materials and Method


2.1. Experimental Materials


The fly ash cenosphere adopted in this experiment were purchased from Henan Borun Casting Materials Co., Ltd., and the glass fiber came from Changzhou Beiyang Building Materials Co., Ltd., China. The cement was Baichuan P.W 52.5 high-strength white cement produced by Sichuan Zongsheng Special Cement Co., Ltd. The silica fume was produced by Chengdu Ludatong New Material Technology Co., Ltd., and the water-reducing agent used was the TS-8 polycarboxylic acid water-reducing agent.




2.2. Test Methods


2.2.1. Open Pore Ratio Test


In this study, the open pore ratio of the cement-based materials was tested by the water saturation method and calculated according to the Equation (1) [45,46] as follows:


  P =    W 2  −  W 1    V  ρ w    × 100 %  



(1)




where P refers to the open pore ratio of the specimen (%),    W 1    refers to the mass of the specimen under absolute dry conditions (g),    W 2    refers to the mass of the specimen with a surface under absolute dry conditions (g),  V  refers to the volume of the specimen (cm3), and    ρ w    refers to the density of the water (g/cm3).




2.2.2. Compressive Strength Test


The compressive strength test of the fly ash cenosphere cement-based materials was carried out according to GB/T 50081-2019 Standard for Test Methods of Concrete Physical and Mechanical Properties. A 100 mm × 100 mm × 100 mm non-standard specimen was used for the compressive strength test.




2.2.3. Sound Absorption Property Test


Based on the standard ISO 10534-2:2001 [47], the sound absorption property of the materials was evaluated with an impedance tube testing system (B&K 4206-T) according to the transfer functions between microphones.




2.2.4. Sound Insulation Property Test


The sound transmission loss of the materials was measured by the B&K impedance tube testing system to evaluate the sound insulation property of said materials at a certain frequency. The sound transmission loss of the materials was calculated according to Equation (2):


  T L = 10 lg  1     |   T a   |   2     



(2)




where   T L   refers to the sound transmission loss (dB) and    T a    refers to the transmission coefficient.



In order to comprehensively evaluate the sound insulation property of the materials at various frequencies, the evaluation quantity for a single value of the sound insulation of fly ash cenosphere cement-based materials was determined based on the measurement of sound insulation at a 1/3 octave band according to the standard GB/T 50121 Evaluation Standard for Building Sound Insulation.





2.3. Preparation Process


The fly ash cenosphere cement-based sound barrier materials were composed of a sound absorption layer and a sound insulation layer. The preparation process is shown in Figure 1, and the details are as follows:




	(1)

	
Preparation of the sound insulation layer: The cenosphere particles and the waste glass fiber were premixed for 30 s so as to mix them evenly. Then, approximately 50% water was added into the mixed aggregate and stirred for 30 s. Next, the weighed silica fume and cement were added, and stirring continued for 30 s evenly. The water-reducing agent and the remaining water were evenly stirred together and then added to the mixture and stirred for 90 s. Finally, the stirred mixture was poured into the test mold. The dimensions of the mechanical mold were 100 mm × 100 mm × 150 mm, and those of the acoustic specimen mold were φ99 mm × 150 mm and φ28.5 mm × 130 mm. Finally, the molds were pre-pressed by the press.




	(2)

	
Preparation of the sound absorption layer: The cenosphere particles and approximately 50% test water were evenly premixed for 30 s. Then, the weighed cement was added into the aggregate and stirred for 30 s so that the cement could wrap around the cenosphere particles fully. Next, the water-reducing agent and the remaining water were stirred together evenly and then added into the mixture and continuously stirred for 60 s. Finally, the stirred stock was poured into the mold quickly and then pressed to form the two layers of materials.




	(3)

	
Maintenance of the specimen: The mold was immediately wrapped after the specimen had been formed. Then, the mold was removed after maintenance for 24 h indoors, and water was sprayed on the specimen, which was then maintained to test the age. All tests in this study were repeated 3 times.










2.4. Design of the Fly Ash Cenosphere Cement-Based Property Test


2.4.1. Design of the Sound Absorption Layer Test


This study aimed to develop novel sound barrier materials with good acoustic characteristics on the basis of satisfying the basic mechanical requirements of road sound barriers. In the preliminary test, it was found that the water-to-binder ratio might have been high and that the bleeding of the specimen was serious. The mixing ratio was expressed in mass percentage wt%, and the mass of white cement was recorded to be 100 wt%. The basic ratio was determined as follows: water-to-binder ratio of 0.35, water-reducing agent dosage of 0.6 wt%, and specimen thickness of 50 mm. The sound absorption property of the concrete materials was largely determined by the pore structure in the concrete materials [48]. According to the raw material ratio and the formation process of fly ash cenosphere cement-based sound absorption materials studied here, the pore structure was mainly affected by the formation pressure, aggregate-to-binder ratio, and other factors. In this work, the effects of the formation pressure and aggregate-to-binder ratio on the apparent density, porosity, compressive strength, and sound absorption characteristics of the sound absorption layer materials were studied by a single-factor test. The test group number was formatted as “A formation pressure-thickness-aggregate-binder ratio”, and the specific test design is shown in Table 1.



Therefore, the basic ratio was determined as follows: water-to-binder ratio of 0.35, water-reducing agent dosage of 0.6 wt%, and specimen thickness of 50 mm.




2.4.2. Design of the Sound Insulation Layer


The sound insulation layer mainly guarantees the mechanical and sound insulation properties of sound barrier composite materials, and high-strength and compact materials are beneficial for meeting these requirements. Moreover, it has been found that the replacement of cement with 10% silica fume was beneficial for improving the compressive strength of concrete [49,50], and thus the mass sum of the white cement and silica fume was recorded to be 100 wt%, and the silica fume dosage was 10%. According to the preliminary test, the sound insulation layer had the best formation effects when the aggregate-to-binder ratio was 0.35, the water-to-binder ratio was 0.4, the water-reducing agent dosage was 0.8 wt%, and the pressure was 3 MPa. The method of a single-factor design was also adopted to study the effects of the fiber admixture on the acoustic and mechanical properties of the sound insulation layer materials and then to investigate the effects of the thickness on the acoustic properties of the sound insulation layer. The test group number was formatted as “I fiber admixture-thickness”, and the specific test design is shown in Table 2.




2.4.3. Design of the Composite Layer Test


In this section, the sound absorption and sound insulation layers are compounded together to study the comprehensive properties of the novel fly ash cenosphere cement-based composite materials. The preliminary experiment found that in the compression test, the failure of the specimen mainly occurred in the sound insulation layer. The middle part of the sound insulation layer was broken, whereas the sound absorption layer had no obvious damage. Although the overall strength of the composite was mainly contributed by the sound insulation layer, the difference in the properties of the two layers also affected the overall performance due to the weak interface formed by the connecting layer of the composite. Additionally, since the thickness had a significant impact on the properties of the sound absorption and sound insulation layers, a relatively good material group of the sound absorption and sound insulation layers was selected to study the effects of different thickness ratios (A:I) on the acoustic and mechanical properties of the specimen.





2.5. Environmental Impact Assessment


To evaluate the impact of materials on the environment, it is necessary to take into account the impact of each stage of the material’s life. This generally refers to the impact of a product’s interaction with the environment from the beginning of the production of raw materials until the product is scrapped or recycled. In this part, the environmental impact assessment of the sound barrier materials is conducted based on material sustainability indicators (MSIs) [51]. The carbon emission data in the process of raw material procurement, processing, and manufacturing were taken into account. The data were mainly based on the statistical database of the UK‘s Inventory of Carbon and Energy (ICE) [52,53]. The ICE database provides embodied carbon and energy factors for more than 200 common building materials, such as aggregates, aluminum, cement, and glass and is widely used all over the world [54]. It can meet the needs of building life cycle assessment and carbon emission research for other materials. The embodied energy calculation model of the materials was mainly based on Equation (3) (taking cement as an example):


  E =  (  1 + M  )   (  C  x C  + S  x S  + A  x A  + W  x W  + R  x R  + P  x P  + O + T  )   



(3)




where  M  refers to the waste rate of materials,  C ,  S ,  A ,  W ,  R , and  P  refer to the mix proportions of cement, sand, aggregate, water, other cementitious materials, and additives, respectively,  O  refers to the energy required for operating equipment in the preparation of specimens, and  T  refers to the energy required for transporting materials and cement products. The parameters    x C   ,    x S   ,    x A   ,    x W   ,    x R   , and    x P    refer to the embodied energy of the materials per unit mass. Similarly, the contained energy and calculation methods of the materials were the same. Only the contained energy of the materials per unit mass was changed to the contained carbon per unit mass for calculation, and the unit was kgCO2e/kg.





3. Results and Discussions


3.1. Properties of the Sound Absorption Layer


3.1.1. Effect of the Formation Pressure on the Properties of the Sound Absorption Layer


Cenosphere particles are light, the strength of materials formed only via natural formation is very low, and the formation effect is poor, so it is very important to exert certain pressure in the formation process of sound absorption layer materials. However, if the pressure is too high, the pore structures of fly ash cenosphere cement-based porous materials will be destroyed, thus reducing the sound absorption properties. Therefore, for the novel composite materials studied here, it was of importance to choose a proper formation pressure.



As illustrated in Figure 2, when the specimen had not been pressed for formation, the material particles were loose and unevenly filled, and the formation effect was poor. As the pressure increased, the fly ash cenosphere also piled up more densely. When the formation pressure reached 0.2 and 0.4 MPa, the pore distribution of the specimen was uniform. However, when the formation pressure rose to 0.6 MPa or above, it can be seen from the surface of the specimen that some pores were already filled with cement cementitious materials.



As provided in Table 3, with the increase in pressure, the material density also increased. When the pressure was 1.0 MPa, the material density reached the maximum of 1057.68 kg/m3. From the change rate of the material density, with the increase in pressure, the change first increased and then decreased. Contrary to the change rules of the apparent density of the materials, the open pore ratio of the materials declined with the increase in pressure. When the pressure was 0.0–0.6 MPa, the porosity change rates were 5.32%, 16.40%, and 17.36%. However, when the pressure was 0.6–0.8 MPa, the open pore ratio of the materials suddenly dropped. When the pressure exceeded 0.6 MPa, the hollow spherical aggregates were crushed, and the pores between the materials due to the accumulation of aggregate almost disappeared. When the pressure exceeded 0.8 MPa, the open pore ratio of the materials remained almost unchanged because the materials had been completely compacted.



The compressive strength is an important indicator of sound barriers. As a new composite material studied in this work, although the sound insulation layer provided the main mechanical strength, the material was still easy to break if the material strengths of the sound absorption layer and the sound insulation layer were too different, so the compressive strength of the sound absorption layer was also very important. The compressive strength of the materials increased with the increase in pressure during formation, and the growth rate first increased and then decreased, with the maximum being 11.88 MPa. However, when the pressure exceeded 0.8 MPa, the compressive strength of the materials decreased.



The arithmetic averages of the sound absorption coefficient of the center frequency (125, 250, 500, 1000, 2000, and 4000 Hz) were used to express the average sound absorption coefficient of a certain material, while the noise reduction coefficient refers to the average value of the sound absorption coefficient (measured at 250, 500, 1000, and 2000 Hz). The maximum noise reduction coefficient (NRC) of the sound absorption materials in this test group was 0.40. The NRC did not change obviously when the pressure of the materials increased from 0 to 0.2 MPa. Subsequently, with the increase in pressure, the sound absorption ability of the materials became worse. When the pressure exceeded 0.8 MPa, the materials basically had no sound absorption properties. Figure 3 shows the sound absorption coefficient α of the specimens in each group at 100–4000 Hz. It can be seen that when the formation pressure was 0 and 0.2 MPa, the sound absorption coefficient curve had two obvious peaks. When the pressure was 0 MPa, the absorption coefficient of the specimen at 1000 Hz was able to reach 0.97, and when the pressure was 0.2 MPa, the absorption coefficient reached 0.90 at 800 Hz, which was consistent with the sound absorption characteristics of other porous materials formed by aggregate accumulation.



Since the sound absorption layer should give priority to the sound absorption performance of the material, the mechanical performance was slightly worse when the pressure strength was 0.2 MPa, but its sound absorption coefficient was higher. When the pressure strength was 0.4 MPa, the noise reduction coefficient was lower than the previous group at 0.10, but its mechanical properties increased by 78.40%. In summary, when the pressure was 0.2–0.4 MPa, the comprehensive property of the fly ash cenosphere cement-based sound absorption materials was the best.




3.1.2. Effects of the Aggregate-to-Binder Ratio on the Properties of the Sound Absorption Layer


Following the test results given above, the specimens with different ratios of aggregate to cement were tested at a pressure of 0.2 and 0.4 MPa. Table 4 and Table 5 show the property changes in the sound absorption layer materials under different ratios of aggregate to cement at 0.2 MPa and 0.4 MPa.



As demonstrated in Table 4 and Table 5, with the increase in the aggregate-to-binder ratio, the apparent density decreased, but the open pore ratio increased. With the increase in the aggregate-to-binder ratio, the noise reduction coefficient of the specimens, except for the specimen with a pressure of 0.2 and an aggregate-to-binder ratio of 1.0, increased, and the compressive strength weakened. With the increase in the aggregate-to-binder ratio, the cement slurry coated on the aggregate surface evenly decreased, so the bonding strength between the aggregates weakened, and the compressive strength of the materials dropped. When the aggregate-to-binder ratio was 1.0, the abnormal situation was probably caused by excessive pressure during material formation, thus reducing the porosity between the materials and decreasing the noise reduction coefficient.



Figure 4 shows the sound absorption coefficient α of the specimens in each group under different ratios of aggregate to cement at 100–4000 Hz and at a pressure of 0.2 MPa. The absorption coefficient curve of the specimens with different ratios of aggregate to cement demonstrated typical characteristics of aggregate accumulation, with two to three sound absorption peaks. When the pressure was 0.2 MPa, the absorption coefficient of each group of specimens increased with the increase in the aggregate-to-binder ratio. Moreover, when the aggregate-to-binder ratio increased, the highest peak value of the sound absorption coefficient curve of the specimens gradually moved from an intermediate frequency to a high frequency. However, when the aggregate-to-binder ratio exceeded 0.9, the highest peak value of the absorption coefficient was in the range of 800–1250 Hz. These results were consistent with the analysis of the pressure test group. As the priority was given to their sound absorption performance, at 0.2 MPa, the comprehensive property of the specimens was stronger when the aggregate-to-binder ratio was 0.9.



At 0.4 MPa, it can be seen from Figure 5 that the change rule of the sound absorption coefficient curve was basically the same when the aggregate-to-binder ratio was 0.8, 1.0, and 1.1, with the first peak at 1000 Hz and another peak at around 3150 Hz. When the aggregate-to-binder ratio was 0.7 at 0.4 MPa, the sound absorption spectrum characteristic curve of the specimen did not conform to the characteristics of the aggregate stacking materials, and the highest absorption coefficient at a single frequency was only 0.32.



In addition, it can be seen from the change rule of the specimens with varied ratios of aggregate to cement under two formation pressures that the pore structure between materials had a certain restoring ability at 0.2 MPa, which led to the unstable property of the materials after formation. Therefore, from the point of view of material quality stability, it is more appropriate to keep the compressive strength of the materials during formation at 0.4 MPa.





3.2. Properties of the Sound Insulation Layer


3.2.1. Effects of the Fiber Admixture on the Properties of the Sound Insulation Layer


For the change in the apparent density of each group of specimens with different fiber admixtures, it can be seen from Table 6 that with the increase in the fiber admixture, the density of the specimens increased continuously but changed in a small range. The density of those specimens with 60% glass fiber was only 11.24% higher than that with 30% glass fiber. With the addition of glass fiber, the compressive strength of the sound insulation layer materials rose first and then fell. When the fiber admixture was 45%, the compressive strength of the materials reached its highest point (i.e., 29.00 MPa). The fiber had good water absorption. When the fiber admixture was less than 45%, the paste with the fiber, cement, and water had good fluidity. The fiber was able to fill the pores between the aggregates, and thus the strength of the materials continuously improved with the increase in the fiber admixture. However, when the fiber admixture exceeded 45%, most of the free water in the paste was absorbed by the fiber, and the remaining water was insufficient for resulting in a hydration reaction of the cement fully occurring. Furthermore, short glass fiber is also a fine aggregate. With the increase in the fiber admixture, the average cement paste coated on the surface of the fly ash cenosphere and short fiber decreased, resulting in a sharp drop in the concrete strength.



The single-number quantity is a single value rating that characterizes the sound insulation properties of building components. It can be seen from the test results that the fiber admixture had no obvious influence on the single-number quantity. In Figure 6, f0 refers to the frequency of first panel resonance, and fc refers to the critical frequency. It can be seen that the change rule of the sound transmission loss curves of specimens with different fiber admixtures was essentially the same. The above analysis shows that the fiber admixture had no obvious effect on the sound insulation property of the fly ash cenosphere cement-based materials, but there was an optimal value for the compressive strength. Namely, when the fiber admixture was 45%, the compressive strength of the specimen reached its highest point (i.e., 29.00 MPa).




3.2.2. Effects of the Specimen’s Thickness on the Properties of the Sound Insulation Layer


As suggested by the above results, the 45% ratio of fiber admixture was selected to further explore the effects of the thickness. Areal density is an important factor to determine the sound insulation properties of traditional dense and homogeneous materials, while the thickness of materials is a key factor to determine their areal density. Thus, thickness has an important influence on the sound insulation property of a material. Table 7 demonstrates the test results of the single-number quantities of sound insulation layers with different thicknesses. Within the thickness range of 30–70 mm, the single-number quantity of each specimen basically increased linearly with the thickness.



Figure 7 shows the sound transmission loss of the different specimens in the full frequency band. It can clearly be seen that, similar to the f0 of each specimen in the group of variable fibers, the frequency of first panel resonance of the group of variable thicknesses was also concentrated around 70 Hz. In addition, the sound insulation at the f0 of each specimen also rose continuously with the increase in the specimen’s thickness. Meanwhile, the fc of each specimen gradually moved in the high-frequency direction with the increase in the specimen’s thickness. The sound insulation property of the materials was mainly controlled by the stiffness of the materials, and the stiffness grew continuously with the increase in the material’s thickness.





3.3. Properties of the Composite Layer


If the sound insulation layer is too thin, the overall mechanical property of the sound insulation material will be affected. Meanwhile, if the sound insulation layer is too thick, the overall density of the sound barrier plank will be too large. Considering the above sound absorption and insulation properties, the preparation process and size parameters of the specimens in groups “A 0.4-50-1.0” and “I 45-50” were selected in this section to investigate the effects of the thickness’s ratio of the sound absorption layer to the sound insulation layer (A:I) on the overall properties of the composite material. Five thickness ratios “A:I” of 70:30, 60:40, 50:50, 40:60, and 30:70 were chosen, and the total thickness of the specimens was 100 mm.



Table 8 shows the property indexes of the composite layer with different thickness ratios. With the increase in the thickness of the composite sound insulation layer, the compressive strength of the material was also strengthened. The compressive strength of the specimen with a thickness ratio of the sound absorption to the insulation layer of 30:70 was 1.79 times that of the 70:30 ratio. Regarding the sound absorption and insulation layers, the increase rate of the apparent density change rate of the specimens with different thickness ratios was consistent with the compressive strength, indicating that the apparent density of the materials affected their compressive strength. In addition, during the experiment of the composite specimens, there was no peeling between the sound absorption layer and the sound insulation layer. Nevertheless, the interface bonding of this composite material can be further investigated in the future through molding study of the complete sound barrier.



The sound absorption and insulation layers with different proportions had little effect on the noise reduction coefficient and average absorption coefficient of the materials. When the thickness of the sound absorption layer was 50–70 mm, the noise reduction coefficient of the composite was 0.45. When the material thickness dropped to 30–40 mm, the noise reduction coefficient of the composite material became 0.40.



However, it can be seen from Figure 8 that although the noise reduction and average absorption coefficients of the specimens with different sound absorption and insulation layer thickness ratios were not much different, the sound absorption coefficients remained quite different. The specimen groups “70:30,” “60:40,” and “50:50” had similar overall change trends for the sound absorption coefficient. This is consistent with the change rule of the single-factor study of the sound absorption layer. The absorption peak of the composite materials moved in the low-frequency direction with the increase in the thickness of the sound absorption layer. When the thickness of the sound insulation layer exceeded that of the sound absorption layer, the peak absorption coefficient of the composite material obviously dropped, and a low valley of the absorption coefficient appeared in the mid- and high-frequency ranges. Moreover, the frequency range of the low valley of the absorption coefficient became wider with the increase in the thickness of the sound insulation layer.



Figure 9 illustrates the sound insulation characteristic curve with different thickness ratios. The sound insulation property of the composite was not reinforced with the increase in the thickness of the sound insulation layer, but it was first strengthened and then weakened. No matter whether A:I = 70:30 or A:I = 30:70, the single-number quantity of both groups of specimens was 30 dB. However, the single-number quantity of the 60:40 specimen reached the highest level at 38 dB. Therefore, neither a thick sound absorption layer nor a thick sound insulation layer could improve the insulation properties of the composite significantly. The insulation properties of the composite were good only when the thickness of the sound absorption and insulation specimens were comparable.



Lightweight aggregate concrete, pervious concrete, and foamed concrete are all categorized as porous materials. Table 9 compares the different types of porous materials studied in recent years. It can be seen that the compressive strength of the fly ash cenosphere cement-based composite was 6.7−53.6% higher than the maximum values of the other porous materials. In terms of acoustic performance, the NRC of this new material was 11.1−44.4% higher than that of other materials. Moreover, the maximum absorption coefficient frequency range of the cenosphere composite material was around 500 Hz, which was consistent with the typical dominant frequency range of traffic noise around 250–1000 Hz, indicating an appropriate application prospect as a sound barrier.




3.4. Environmental Impact Assessment


Data on the energy and carbon content per unit mass of each raw material of the fly ash cenosphere cement-based composite sound barrier studied in this work are listed in Table 10. The white cement in this study was mainly portland cement with silica fume added as a type of industrial solid waste, and this type of cement mixed with silica fume had lower embodied energy and embodied carbon than traditional cement. The ICE database does not contain data on the energy and carbon content of the cement admixture, and the proportion of these materials is very small. Thus, they were ignored in this calculation. Because both the cenosphere and glass fiber in this study are solid waste materials for reuse, the corresponding energy and carbon contents of the materials should be subtracted when calculating the embodied energy and embodied carbon of the materials to evaluate the contribution of solid waste materials to environmental protection.



According to the analysis in the previous section, the sound barrier materials commonly used at present mainly include transparent sound barriers made of tempered glass, metal composite sound barriers made of metal panels and glass wool, ordinary concrete sound barriers, and wooden sound barriers. According to the ICE database [53], the data on the embodied energy and embodied carbon contents of each material are shown in Table 11.



According to this investigation, the modulus size of the sound barriers made of different materials on the market is mostly 2000 mm × 500 mm. Their thickness may be 80, 100, 120 mm, etc. (The size of transparent sound barriers depends on the size of the acrylic board or tempered glass.) Based on calculation and analysis, the energy and carbon contents of the new fly ash cenosphere cement-based sound barrier and other materials were evaluated by the unit plate. The mass of each component material of the unit plate and the total embodied energy and embodied carbon of each material were mainly considered. The thickness of the acrylic veneer of the transparent sound barrier was 6 mm, while that of the other sound barriers was 100 mm. Table 11 shows the density of the different materials and the proportion of each component material, as well as calculations of the embodied energy and embodied carbon of various types of sound barriers.



Table 12 provides a comparison of the embodied carbon (EC), embodied energy (EE), and mass of different sound barrier unit plates. The embodied carbon of the fly ash cenosphere cement-based composite sound barrier board was second-last in the whole life cycle from raw material production to product recycling. It was second only to the acrylic sound barrier. This was because the acrylic sound barrier unit plate had the lightest weight. The new fly ash cenosphere cement-based composite sound barrier in this study had the lowest embodied energy in the whole life cycle, far lower than that of the acrylic sound barrier. This benefitted from the use of a large amount of industrial solid wastes, such as cenosphere particles and waste glass fiber, which effectively reduced the embodied energy and embodied carbon required for raw material production, thus contributing to the good environmental benefits of the materials. For the metal composite sound barrier unit plate widely used at present, regardless of its low mass, it had poor environmental benefits due to the high carbon and energy contents of the galvanized steel plate, glass fiber, and metal aluminum frame in the whole life cycle.



Therefore, the embodied carbon (EC) and embodied energy (EE) of the new fly ash cenosphere cement-based sound barrier per unit plate in the whole life cycle were calculated to be 57.57 kgCO2e and 477.08 MJ. Compared with other traditional sound barriers, they were reduced by 4.8−52.9% and 53.2−82.3%, respectively. This new type of sound barrier demonstrated the relative advantages of energy saving and environmental protection, as a large amount of industrial solid wastes can be reused compared with other widely used sound barriers. A similar cenosphere study also found that the embodied energy of cement-based composites containing 30% cenosphere was significantly reduced [58]. In another study on foamed concrete [59], its embodied carbon was about 0.60–0.67 kgCO2e/kg and 29.5−44.6% higher than this cenosphere cement-based composite. Therefore, the reuse of fly ash cenosphere to develop environmentally friendly cement-based composite materials is an obvious advantage.





4. Conclusions


In this study, a new type of fly ash cenosphere cement-based composite was developed with industrial solid waste materials such as fly ash cenosphere and waste glass fiber to achieve the recycling of solid waste, with the key findings being the following:




	(1)

	
The sound absorption layer obtained the best performance when the forming pressure was 0.4 MPa and the aggregate-to-binder ratio was 1.0, while the compressive strength of the sound insulation layer was as high as 29.0 MPa when the fiber content was 45%.




	(2)

	
When the thickness ratio of the sound absorption and insulation layers was 60:40, the sound transmission loss of the composite reached the highest level of 38 dB.




	(3)

	
The compressive strength of the composite material was 6.7−53.6% higher than that of other porous materials. Its NRC was up to 0.45, which was 11.1−44.4% higher than those of other materials.




	(4)

	
The embodied carbon and embodied energy of the fly ash cenosphere cement-based composite sound barrier across the whole life cycle were 4.8−52.9% and 53.2−82.3% lower than the others, respectively, suggesting high values in energy saving and environmental protection.
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Figure 1. Preparation process. 
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Figure 2. Appearance of specimen after formation. 
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Figure 3. Sound absorption properties under different levels of pressure. 
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Figure 4. Sound absorption properties under different ratios of aggregate to cement at 0.2 MPa. 
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Figure 5. Sound absorption properties under different ratios of aggregate to cement at 0.4 MPa. 
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Figure 6. Sound insulation properties at different amounts of fiber admixture. 
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Figure 7. Sound insulation properties at different thicknesses. 
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Figure 8. Sound absorption properties of composite layer with different thickness ratios. 
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Figure 9. Sound insulation properties of composite layer with different thickness ratios. 
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Table 1. Design of sound absorption layer test.
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Test Group

	
Forming Pressure

(MPa)

	
Aggregate-to-Binder Ratio

(-)






	
A 0.0-50-0.9

	
0.0

	
0.9




	
A 0.2-50-0.9

	
0.2




	
A 0.4-50-0.9

	
0.4




	
A 0.6-50-0.9

	
0.6




	
A 0.8-50-0.9

	
0.8




	
A 1.0-50-0.9

	
1.0




	
A X1-50-0.7

	
X1

	
0.7




	
A X1-50-0.8

	
0.8




	
A X1-50-1.0

	
1.0




	
A X1-50-1.1

	
1.1








Note: X1 is the optimum formation pressure determined by the test.
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Table 2. Design of sound insulation layer test.
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Test Group

	
Fiber Admixture

(wt%)

	
Thickness

(mm)






	
I 30.0-50

	
30.0

	
50




	
I 37.5-50

	
37.5




	
I 45.0-50

	
45.0




	
I 52.5-50

	
52.5




	
I 60.0-50

	
60.0




	
I X2-30

	
X2

	
30




	
I X2-40

	
40




	
I X2-60

	
60




	
I X2-70

	
70








Note: X2 is the optimum fiber content determined by the test.
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Table 3. Sound absorption indicators under different levels of pressure.






Table 3. Sound absorption indicators under different levels of pressure.





	Forming Pressure

(MPa)
	Apparent Density

(kg/m3)
	Open Pore Ratio

(%)
	Compressive Strength

(MPa)
	Average Sound

Absorption

Coefficient

(-)
	Noise

Reduction

Coefficient

(-)





	0.0
	698.84
	25.18
	2.31
	0.36
	0.40



	0.2
	768.43
	23.84
	3.24
	0.34
	0.40



	0.4
	884.72
	19.93
	5.78
	0.26
	0.30



	0.6
	983.85
	16.47
	9.85
	0.22
	0.25



	0.8
	1042.87
	10.70
	11.88
	0.20
	0.20



	1.0
	1057.68
	9.29
	11.29
	0.17
	0.20
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Table 4. Property indicators of sound absorption layer under different ratios of aggregate to cement at 0.2 MPa.
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	Ratios of Aggregate

(-)
	Apparent Density

(kg/m3)
	Open Pore

Ratio

(%)
	Compressive Strength

(MPa)
	Average Sound

Absorption

Coefficient

(-)
	Noise Reduction Coefficient

(-)





	0.7
	1068.92
	13.36
	8.17
	0.27
	0.35



	0.8
	894.44
	22.27
	4.63
	0.28
	0.35



	0.9
	768.43
	23.84
	3.24
	0.34
	0.40



	1.0
	765.30
	24.51
	3.76
	0.35
	0.35



	1.1
	683.52
	28.63
	2.80
	0.38
	0.45
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Table 5. Property indicators of sound absorption layer under different ratios of aggregate to cement at 0.4 MPa.
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	Ratios of

Aggregate

(-)
	Apparent Density

(kg/m3)
	Open Pore

Ratio

(%)
	Compressive Strength

(MPa)
	Average Sound

Absorption

Coefficient

(-)
	Noise Reduction

Coefficient

(-)





	0.7
	1038.13
	9.37
	9.71
	0.19
	0.20



	0.8
	941.98
	16.05
	7.27
	0.28
	0.30



	0.9
	884.72
	19.93
	5.78
	0.26
	0.30



	1.0
	825.63
	23.13
	5.10
	0.33
	0.35



	1.1
	807.30
	25.72
	3.75
	0.36
	0.40
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Table 6. Property indexes of sound insulation layer at different amounts of fiber admixture.
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	Glass Fiber Admixture

(wt%)
	Apparent Density

(kg/m3)
	Compressive Strength

(MPa)
	Single-Number Quantity

(dB)





	30.0
	1396.66
	26.20
	22



	37.5
	1432.51
	27.22
	22



	45.0
	1450.55
	29.00
	23



	52.5
	1504.82
	23.24
	23



	60.0
	1553.65
	16.95
	23
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Table 7. Property indexes of sound insulation layer at different thicknesses.
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	Thickness

(mm)
	Single-Number Quantity

(dB)





	30
	20



	40
	21



	50
	23



	60
	24



	70
	26
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Table 8. Property indexes of composite layer with different thickness ratios (A:I).
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	Thickness Ratios

A:I
	Apparent

Density

(kg/m3)
	Compressive Strength

(MPa)
	Average Sound

Absorption

Coefficient

(-)
	Noise

Reduction

Coefficient

(-)
	Single-Number Quantity

(dB)





	70:30
	1103.26
	11.37
	0.40
	0.45
	30



	60:40
	1158.66
	13.46
	0.40
	0.45
	38



	50:50
	1202.87
	15.21
	0.39
	0.45
	35



	40:60
	1301.69
	19.21
	0.35
	0.40
	35



	30:70
	1340.46
	20.30
	0.35
	0.40
	30
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Table 9. Comparison of acoustic and mechanical properties of porous materials.
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	Materials
	Acoustic Properties
	Compressive Strength





	Concrete with fly ash cenosphere
	The maximum sound absorption coefficient frequency range: around 500 Hz

The average sound absorption coefficient: 0.35–0.40

NRC: 0.40–0.45
	11.37–20.30 MPa

With A:I = 60:40 (optimal ratio), the compressive strength can reach 19.21 MPa



	Porous concrete with expanded shale [55]
	The maximum sound absorption coefficient frequency range: 500–900 Hz
	1.45–15.02 MPa



	Dune and river sand concretes containing recycled plastic aggregates [32]
	NRC: 0.30–0.40
	16.00–18.00 MPa



	Fiber-reinforced alkali-activated slag foam concretes [56]
	The maximum sound absorption coefficient frequency range: 1600–2500 Hz

The average sound absorption coefficient: 0.50 in the medium-to-high frequency regions
	2.50–13.00 MPa



	Porous geopolymeric foam using silica fume as the pore generation agent [57]
	NRC: 0.10–0.25
	2.00–12.50 MPa
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Table 10. List of embodied energy and embodied carbon contents of raw materials for fly ash cenosphere cement-based sound barriers in the ICE database.
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	Material
	EE

(MJ/kg)
	EC

(kgCO2e/kg)
	Notes





	Cement
	5.50
	0.912
	Reference to ordinary portland cement



	Fly ash cenosphere
	0.10
	0.008
	Reference to fly ash



	Glass fiber
	28.00
	1.53
	-



	Water-reducing agent
	-
	-
	No relevant data
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Table 11. Embodied energy and embodied carbon content of other sound barrier materials.
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	Material
	EE

(MJ/kg)
	EC

(kgCO2e/kg)
	Notes





	Galvanized steel
	22.60
	3.03
	Reference to electrogalvanized steel



	Aluminum plate
	155.00
	6.67
	Reference to general aluminum



	Acrylic board
	90.67
	-
	No relevant data



	Tempered glass
	23.50
	1.67
	Reference to toughened glass



	Mineral wool
	16.60
	1.20
	-



	Wood
	16.00
	0.815
	Reference to hardboard



	Concrete
	0.82
	0.115
	Reference to ordinary concrete, cement:sand:aggregate = 1:2:4
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Table 12. Embodied energy and embodied carbon of sound barriers per unit plate made of different materials.






Table 12. Embodied energy and embodied carbon of sound barriers per unit plate made of different materials.





	
Sound Barrier Type

	
Main Material

	
Mass

(kg)

	
Proportion of Materials

(%)

	
EE

(MJ/kg)

	
EC

(kgCO2e/kg)

	
Energy

Consumption

(MJ)

	
Carbon

Emissions

(kgCO2e)






	
Fly ash cenosphere cement-based composite sound barrier board

	
Cement

	
120

	
53.54

	
5.50

	
0.912

	
477.08

	
57.57




	
Fly ash cenosphere

	
30.52

	
0.10

	
0.008




	
Glass fiber

	
15.93

	
28.00

	
1.53




	
Metal frame

	
4.275

	
100

	
155.00

	
6.67




	
Acrylic sound barrier

	
1-mm aluminum frame

	
3.335

	
-

	
155.00

	
6.67

	
2693.01

	
22.24




	
6-mm acrylic broad

	
24

	
-

	
90.67

	
-




	
Metal composite sound barrier board

	
0.8-mm galvanized steel

	
12.56

	
-

	
22.60

	
3.03

	
1842.48

	
115.53




	
Glass wool

	
32

	
-

	
28.00

	
1.53




	
1-mm aluminum frame

	
4.275

	
-

	
155.00

	
6.67




	
Wooden sound barrier

	
Wood

	
150

	
-

	
16.00

	
0.815

	
2400.00

	
122.25




	
Concrete sound barrier (with cavity)

	
Concrete

	
150

	
-

	
0.82

	
0.115

	
1019.00

	
60.45




	
Glass fiber

	
32

	
-

	
28.00

	
1.35
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