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Abstract

:

The utilization of waste rubber as a viable option for manufacturing building materials holds great significance for the sustainable development of the construction industry. This study explores the addition of two additives, fly ash (FA) and glass fiber (GF), to rubberized mortar in order to improve its performance. The impact of different waste rubber powder (RP) replacement rates and modified additive dosages on the performance of rubberized mortar, including fluidity, mechanical properties, drying shrinkage, impact resistance, and thermal insulation properties, was investigated. Furthermore, the analytic hierarchy process (AHP) was adopted to study the priorities of the rubberized mortar modified by FA and GF. The results indicate that the addition of RP leads to a decrease in mortar fluidity, mechanical properties, and drying shrinkage. However, it can enhance its impact resistance and thermal insulation properties. The additives, FA and GF, have a significant influence on the properties of rubberized mortar. By means of AHP method analysis, this study concludes that the optimal comprehensive properties of FA- and GF-modified rubberized mortar can be achieved by replacing 10% of sand with RP and using 10% FA and 0.4% GF. This study presents a configuration method for modified thermal insulation rubberized mortar, and it may lead to FA and GF being considered potential candidates for developing environmentally friendly building materials.
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1. Introduction


The rapid growth of the automobile industry has resulted in a higher demand for tires [1,2]. Especially for emerging countries, growing income levels are driving the expansion of vehicle usage. As a consequence, the demand for tires is also on the rise [3]. It is estimated that approximately 1 billion tires are discarded each year, with a recycling rate of less than 50% [4]. At present, the options for disposing waste tires are limited, and one of the most commonly used methods is landfilling [4,5]. However, this approach requires a significant amount of land and poses a threat to groundwater resources in the landfill area. Moreover, the accumulation of discarded tires creates a breeding ground for mosquitoes, leading to potential health risks. Furthermore, discarded tires are highly susceptible to fires, which are notoriously difficult and costly to extinguish [6]. Thus, legislation has been introduced in many countries to restrict the disposal of waste tires in landfills and promote their reuse in other applications [3].



The construction industry is currently grappling with a shortage of natural resources, such as natural river sand, thus highlighting the need to prioritize sustainability [7,8]. One promising solution is the incorporation of waste tire rubber in the manufacturing of mortar and concrete, providing an environmentally friendly and sustainable approach to waste disposal [9,10]. In recent years, numerous researchers have explored the potential of utilizing waste tire rubber as a partial replacement for natural fine aggregate in mortar [11,12]. They have discovered that waste tire rubber can be processed into rubber powder (RP) through mechanical grinding, which can then be used in the preparation of rubberized cement-based materials. However, recent studies on rubberized mortar have highlighted a possible decrease in mechanical properties, such as compressive and flexural strengths, due to the low elastic modulus of RP and the weak bonding interface between RP and cement paste [13,14]. Despite these limitations, the elastic nature of RP offers advantages in terms of energy absorption, toughness, deformation ability, high damping, and anti-fatigue ability. As a result, it helps to minimize the brittle failure behavior typically observed in traditional mortar and concrete [15,16].



In the sustainable design of buildings, it is crucial to consider energy consumption [17]. Energy conservation in buildings encompasses various aspects such as energy consumption for building heating, air conditioning, lighting, and more. The main objective is to enhance energy efficiency while ensuring the comfort of people’s lives. One way to achieve this is by improving the thermal insulation properties of building materials, which helps minimize energy dissipation. Relevant research suggests that rubber has a notably lower thermal conductivity compared to cement mortar [18,19]. This characteristic makes rubber a promising option for thermal insulation mortar. Mostofinejad et al. [20] conducted a thermal characteristics test on rubber aggregate combined with silica fume concrete. Their findings indicate that rubber particles can be utilized for thermal insulation, and fine rubber particles have a greater impact on reducing the thermal conductivity of concrete compared to coarse rubber particles. Wang et al. [21] prepared recycled aggregate crumb rubber concrete (RCC) using recycled aggregate and rubber as raw materials. The results showed that RCC had excellent thermal performance. The thermal resistance increased significantly when the replacement rate of rubber material to replace sand reached 20%. Therefore, the application of waste rubber to the field of low-energy-consumption buildings holds great promise.



Although the addition of RP can enhance certain properties of mortar or concrete and provide environmental benefits, its practical engineering application still faces limitations. This is primarily due to the lack of understanding regarding the “functional design” of such cement-based materials and the need for a comprehensive evaluation of multiple properties. For instance, the workability of rubberized cement-based materials must be taken into consideration to ensure ease of construction [22]. In addition to different environmental humidity levels, the drying shrinkage of building materials should also be taken into account. In some use environments, building materials may not necessarily require high mechanical properties to meet engineering requirements. Additionally, in specific structural engineering applications, building materials may need to withstand vibration, explosion, and impact loads. As a result, the deformation and impact resistance of building materials should also be taken into consideration [23,24]. Therefore, it is important to consider and evaluate various properties of building materials in order to select those with excellent overall performances for specific engineering environments.



To enhance specific properties of rubberized cement-based materials, incorporating additives is a direct and straightforward approach [25,26,27]. Fly ash (FA), a common industrial by-product, possesses smooth morphological characteristics that facilitate a beneficial “ball-bearing effect”. This effect effectively enhances the interfacial behavior between the slurry and aggregate [28,29]. Additionally, FA contributes to the mechanical properties of cement-based materials. Shao et al. [30] conducted a study using FA and crumb rubber to prepare ultra-high-performance concrete (UHPC), and their results demonstrated the significant impact of FA on the flexural properties of UHPC. Similar observations were found in studies conducted by Zhao et al. and Shao et al. [31,32]. Furthermore, these researchers suggested that FA also aids in improving the ductility of cement-based materials.



The addition of fiber materials is considered an effective method to enhance the mechanical properties and deformation resistance of rubberized cement-based materials [33,34]. Yang et al. [35] conducted an experimental study on the compression–shear performance of steel fiber-reinforced rubber concrete. The results demonstrated that the combination of steel fiber and rubber exhibits a good synergistic effect, leading to the improved shear deformation toughness performance of rubber concrete. Xiong et al. [36] used a carbon fiber-reinforced polymer to prepare rubber concrete. The results show that the compressive strength of hybrid composites increases slightly, while the ductility, flexural toughness, impact resistance, and energy absorption capacity increase significantly. Su et al. [37] conducted a study on the preparation of basalt–polypropylene fiber-reinforced rubber concrete. The findings demonstrated that incorporating basalt and polypropylene fibers into rubber concrete leads to enhanced performance, particularly at higher temperatures. Glass fiber (GF) is an inorganic non-metallic material known for its insulation properties, heat resistance, tensile strength, and decay resistance [38,39]. These characteristics have made GF widely utilized in the field of constructional engineering. However, there is limited research available on the performance of glass-fiber-modified rubberized cement-based materials. Therefore, further research in this area is necessary to advance our understanding.



The objective of this work is to develop a rubberized mortar with superior comprehensive properties, including workability, mechanical properties, drying shrinkage, impact resistance, and thermal insulation properties. To achieve this, two additives, namely FA and GF, were incorporated into the rubberized mortar. This research examined the influence of RP replacement rate and FA and GF content on various specific properties of the mortar and investigated the underlying mechanisms. A representative test group was selected for evaluation of the thermal insulation properties. Additionally, the analytic hierarchy process (AHP) was utilized to determine the most suitable mix ratio for the representative test group. The findings of this study propose a configuration method for rubberized mortar with exceptional comprehensive properties, and these results are expected to contribute to the development of a new environmentally friendly building material for actual engineering projects.




2. Materials and Methods


2.1. Materials


Portland slag cement, according to the Chinese standard GB 1334-1999 [40], P.S.A 32.5, was used in this study, and its chemical composition and basic physical properties are displayed in Table 1 and Table 2, respectively. The density of P.S.A 32.5 was measured according to the Chinese standard GB/T 208-2014 [41], and the setting time and flexural and compressive strength were measured according to GB/T 175-1999 [42]. RP was obtained from waste tires (with a particle size of 20 mesh) by grinding, and its density measures at 988 g/cm3. Alkali-resistant GF was produced by Taishan Glass Fiber Co., Ltd.(Taian, China), and its physical parameters were obtained from the measurement of the company, as shown in Table 3. First-class FA used in this study was supplied by Hengyuan New Materials Co., Ltd., Huangshan, China, with a density of 2.55 kg/m3, and its chemical composition is also listed in Table 1. Photographs of raw materials, including cement, RP, GF, and FA, are displayed in Figure 1. Well-graded river sand, with an aggregate size of 0–5 mm and density of 2.61 kg/m3, satisfied the requirements of Chinese standard GB/T 14684-2022 [43]. A polycarboxylate superplasticizer, complying with Chinese standard JGT 223-2017 [44], was used to control the workability of the mortar.




2.2. Mixed Proportions and Specimens Preparation


In accordance with the proposed scheme outlined in the relevant literature [45,46], we conducted a preliminary experiment to determine the mixed proportions. To evaluate the additives (FA and GF) content on the properties of rubberized mortar, 36 mixes were designed using different volume fractions (0%, 10%, 20%, and 30%) of RP as a partial replacement of fine aggregate. The different dosages of FA (volume fractions of 0%, 5%, and 10% to replace cement) and GF (volume fractions of 0%, 0.2%, and 0.4% with extra incorporation) were also considered. The mixing water/binder and binder/sand weight ratios were set at 1:2 and 2:5, respectively. The dosage of polycarboxylate superplasticizer was kept at 1 wt.%. All the mixed proportions are summarized in Table 4.



To ensure the uniformity of the prepared mortar specimens, the following manufacturing process was adopted to prepare the rubberized mortar modified by FA and GF. Firstly, cement and FA were dry-mixed together in a rotary mixer for 1 min, and then water was added to the mixture and mixed slowly for another 1 min to obtain the mixed slurry. Subsequently, sand, RP, and GF were added in turn to the slurry, and they were stirred at high-speed for 2 min. Finally, after allowing the mortar to stand for 90 s, it was re-stirred at high speed for 1 min, and prepared fresh mortar was obtained. After the completion of the mortar stirring, the freshly prepared mortar specimens were cast in mold and cured for corresponding hydration ages in water with 95 ± 2% relative humidity until testing.




2.3. Fluidity


The fluidity of rubberized mortar was assessed using a mini slump test following the Chinese standard GB/T 2419-2005 [47]. In order to ensure the compactness of mortar, the fresh mortar was poured into the truncated cone model with specific dimensions (height: 60 ± 0.5 mm, upper diameter: 70 ± 0.5 mm, and lower diameter: 100 ± 0.5 mm) and compacted twice by continuous ramming. The diameter of the two vertical directions was measured using a ruler, and the average value was calculated, which represents the fluidity of the mortar.




2.4. Mechanical Properties


Three series of specimens with 40 × 40 × 160 mm size were prepared for each mixed proportions, and these specimens were used to determine their mechanical properties.



The flexural strength and compressive strength were conducted using a compression testing machine (YAW-300C) in accordance with the Chinese standard GB/T 17671-2020 [48]. For the flexural strength test, three specimens with hydration ages of 7 and 28 days were measured when the loading rate was 50 ± 10 N/s. After completing the flexural strength test, a total of six broken specimens were used for the compressive strength test. The loading rate for this test was 2400 ± 200 N/s. The flexural and compressive strength of each specimen were obtained by taking the average value of the test results.




2.5. Drying Shrinkage


According to the Chinese standard JGJ/T 70-2009 [49], the specimen size of the drying shrinkage test is 40 × 40 × 160 mm. The copper shrinkage heads were embedded at both ends of the specimen, and the copper nail was exposed to the end face of the specimen by 8 ± 1 mm, as shown in Figure 2. To ensure accurate shrinkage measurement, the mortar specimens were fully vibrated. Subsequently, the drying shrinkage strain was measured at hydration ages of 14, 28, 56, and 90 days. The value of drying shrinkage (   S i   ) of each specimen was obtained using Equation (1). To ensure the accuracy of the experimental data, the average value of three specimens was calculated to obtain the drying shrinkage strain.


   S i  =    L 0  −  L t    140    



(1)




where    L 0    represents the initial record of the micrometer,    L t    represents the record of the micrometer on corresponding days, and 140 is the effective length of the specimens.




2.6. Impact Resistance


The impact resistance test was conducted using a pendulum with a specified height. The non-notched sample in the cantilever beam state was struck once, and the test equipment is shown in Figure 3. In accordance with the Chinese standard GB/T 1843-2008 [50], the specimens for the impact resistance test had dimensions of 15 × 20 ×160 mm. The pendulum had an impact energy of 11 J, an angle of 50°, and a speed of 2.9 m/s. The results of the impact resistance test were determined using Equation (2):


   α i  =  W  h × b    



(2)




where    α i    is the impact strength of the specimen, W is the absorbing energy as the specimen is destroyed, and h and b represent the thickness and height of the specimen.




2.7. Thermal Conductivity


The thermal conductivity of the specimens was measured by a thermal conductivity instrument (CD-DR3030), and this instrument adopts a microcomputer automatic control system, which can automatically control and complete data acquisition, as shown in Figure 4a. In accordance with the Chinese standards GB/T 6342-1996 [51] and GB/T 10294-2008 [52], the specimens, measuring 300 × 300 × 30 mm, were prepared with specific mixed proportions. Prior to the test, the specimens were dried at 105 ± 5 °C until a constant weight was reached to measure their thermal conductivity. The controlling parameters of the thermal conductivity instrument were as follows: the cold and hot plate’s temperature were set at 20 and 40 °C, respectively. Finally, the thermal conductivity values were calculated using Equation (3):


  λ =   w d   A (  T 1  −  T 2  )    



(3)




where  λ  represents thermal conductivity, w is the power of the calorimeter plate, d and A are the average thickness and calculated area of the specimen, and T1 and T2 are the cold and hot plate’s temperature.




2.8. Microstructure


Scanning electron microscopy (SEM) was conducted to observe the pore structure and interface of rubberized mortar. The specimens were soaked in anhydrous ethanol to terminate hydration and were dried at 60 °C for 2 h for testing. To obtain high-definition SEM images, the specimens were coated with gold to ensure their good electrical conductivity.




2.9. Analytic Hierarchy Process (AHP)


The AHP is a highly effective and commonly used method for analyzing problems related to multi-criterion decision making [53]. The AHP involves breaking down a complex problem into multiple factors and organizing them into a hierarchical structure based on their relationships. The overall ranking of the decision-making scheme is then determined by comparing these factors. The specific implementation process is as follows: (a) The relationship between the various factors in the system was analyzed, and the hierarchical structure of the system was established. (b) Pairwise comparisons were conducted on the nodes at each level, and the results were recorded as aij (note: i and j represent the relative importance of the node, and the importance values are shown in Table 5). Subsequently, the pairwise comparison matrix was constructed based on Equation (4). (c) Based on the pairwise comparison matrix, the relative weights of each factor were determined using the average values calculated through the arithmetic average method, geometric average method, and eigenvalue method, and the consistency test was performed using Equations (5) and (6). (d) The score was calculated based on the weight matrix, and the levels were ranked to select the best solution.


   A 1       A   2  ⋯      A   n       A 1         A 2       ⋮       A 3             a  1 , 1        a  1 , 2      ⋯     a  1 , n          a  2 , 1        a  2 , 2      ⋯     a  2 , n        ⋮   ⋮      ⋮       a  n , 1        a  n , 2      ⋯     a  n , n                ω 1         ω 2       ⋮       ω n        = n [       ω 1         ω 2       ⋮       ω n      ]   



(4)






  CI =    λ  max   − n   n − 1    



(5)






  CR =   CI   RI   < 0.1  



(6)




where    A n    is the alternative,    ω n    is the associated eigenvector, n is the order of matrix, CI is the consistency index,    λ  max     is the maximum eigen value of the matrix, and RI is the random consistency index.





3. Results and Discussions


3.1. Fluidity


Fluidity is an important index reflecting the workability of mortar, which is mainly used to evaluate the flow ability of fresh mortar [54]. Figure 5 demonstrates the impact of varying FA and GF content on the fluidity of rubberized mortar. The figure indicates that the fluidity of fresh rubberized mortars falls within the range of 100–250 mm, satisfying the requirements of the Chinese standard GB/T 2419-2005 [47]. Additionally, the content of FA, GF, and RP has a significant impact on the fluidity of mortar. Consequently, the impact of these additives on fluidity was examined separately, as outlined in the following analysis.



Figure 5a, 5b, and 5c represent the change in fluidity of rubberized mortar with different RP contents (0%, 10%, 20%, 30%) under the influence of FA (0%, 5%, 10%) and GF (0%, 0.2%, 0.4%). As we can see from that figure, the addition of RP significantly reduces the fluidity of the mortar. In the specimens with only RP mixed, the fluidity of the mortar decreases from 225 mm to 116 mm as the RP content increases from 0% to 30%. This decrease in fluidity can be attributed to the high water absorption capacity of RP and its rough jagged-like edges. Similar findings have been reported in studies conducted by Abd-Elaty et al., Mostofinejad et al., and Zhai et al. [20,22,55]. The addition of GF also leads to a decrease in fluidity, as the surface of GF has a strong friction with paste, increasing the viscosity of the mixture [56]. Besides that, the increase in the GF dosage may increase the risk of agglomeration. However, the addition of FA improves the fluidity of mortar, particularly at higher levels of FA substitution. This is attributed to the smooth surface morphology of FA, which promotes a good “ball-bearing effect” on the contact surface between aggregate and paste [29,57]. Similar observations were observed in the research conducted by Shao et al. [30,32]. The fluidity of the rubberized mortar under the joint action of FA and GF has been altered to some extent. The addition of GF and RP to the mortar leads to a significant decrease in fluidity. For instance, the fluidity of the specimens with only 0.4% GF, increasing the percentage of RP from 0% to 20%, caused an increase in the fluidity value by 32 mm (21%). However, FA can effectively mitigate the negative impact of the decreased fluidity caused by GF and RP. For the specimens with 0.4% GF and 20% RP, increasing the percentage of FA from 0% to 10% caused an increase in the fluidity value by 15 mm (12%). This result indicates that increasing the amount of FA appropriately has a more pronounced effect on improving the fluidity of rubberized mortar modified by GF.




3.2. Mechanical Properties


3.2.1. Flexural Strength


Figure 6a, 6b, and 6c present the results of the flexural strength test for rubberized mortar modified by FA and GF at 7 and 28 days. At 7 days, the flexural strength decreased as the RP replacement rate increased, although the decrease was somewhat mitigated. This decrease can be attributed to the inadequate adhesion between the RP and cement matrix, as well as the impact of RP as an aggregate on the overall stiffness. The flexural strength of rubberized mortar has almost been improved by the influence of GF. Only the flexural strength of specimen FA0GF0.2RP20 (3.7 MPa) did not show an improvement compared to specimen FA0GF0RP20 (3.7 MPa). This could be attributed to the incomplete bonding between GF and mortar at 7 days, as well as the relatively small GF content. Moreover, the flexural strength exhibited a more significant increase when the GF content reached 0.4%. The experimental data also indicated a similar change rule after the addition of FA. However, the overall flexural strength was slightly reduced due to the low early hydration activity of FA and its dilution effect [58,59].



At 28 days, the addition of RP resulted in a decrease in flexural strength. When the specimens were mixed with only RP, with replacement rates of 10%, 20%, and 30%, the flexural strength decreased by 22.7%, 41.8%, and 57.3%, respectively. This decline is higher compared to that at 7 days. Additionally, the inclusion of GF enhances the 28-day flexural strength of rubberized mortar, with a more pronounced effect observed in rubberized mortar with a higher RP replacement rate. For instance, the flexural strength of specimens with only 30% RP, increasing the dosage of GF from 0% to 0.2% and 0.4%, caused an increase in the flexural strength value by 0.7 MPa (14.9%) and 1.3 MPa (29.8%), respectively. This phenomenon can still be observed even after incorporating the FA additive, with an increase of 14.3% and 22.4% (with 5% FA) and 14.3 and 28.6% (with 10% FA), respectively.



We recorded the failure modes of the two specimens with specific mixed proportions and observed their crack development during the experimental process. The failure mode of pure cement mortar is shown in Figure 7a, where obvious brittle failure characteristics were observed during the failure process, and the specimen was disconnected from the middle of the specimen. On the other hand, Figure 7b illustrates the failure mode of rubberized mortar modified by GF. It can be observed that there were no obvious cracks, and crack development did not occur in the middle of the specimen, indicating typical ductile failure characteristics. Similar phenomena and conclusions have also been reported by Ma et al., Li et al., and Xu et al. [1,2,60].




3.2.2. Compressive Strength


The compressive strength trend of rubberized mortar modified by FA and GF is similar to the flexural strength, which is shown in Figure 8. At 7 days, when the replacement rate of RP to replace sand in the mixture increased from 0% to 30%, the compressive strength exhibited varying degrees of decline. Specifically, the rubberized mortar specimens with RP replacement rates of 10%, 20%, and 30% experienced an average reduction in compressive strength of 37.0%, 49.0%, and 65.6%, respectively, compared to the pure cement specimen. The incorporation of GF did not significantly improve the compressive strength of the sample compared to its effect on the flexural strength. In fact, in some specimens (FA5GF0.2R20 and FA5GF0.2R30), there was a decrease in compressive strength. This observation could be attributed to the relatively short curing time and the weak bonding between the fiber and the matrix. The incorporation of FA typically led to a decrease in the 7-day compressive strength of mortar. However, exceptions can be observed in certain specimens with a high RP content (FA5GF0R20 and FA5GF0R30), where a slight improvement of 4.0% and 5.9% is observed compared to the pure cement specimen. Based on these experimental findings, it can be inferred that there is a certain synergistic effect between FA and RP in enhancing compressive strength.



At 28 days, the addition of RP also resulted in a decrease in compressive strength. When the RP replacement rate to replace sand in the mixture was 10%, 20%, and 30%, the compressive strength of the rubberized mortar was 31.6%, 53.3%, and 66.5% lower than that of the pure cement group, respectively. The decline in compressive strength gradually decreases as the RP replacement rate increases. In contrast to the 7-day results, GF has a significant positive effect on the 28-day compressive strength of mortar, and this effect becomes more pronounced with higher RP replacement rates. The addition of 0.2% GF and 10% RP to the specimens resulted in a slight increase in the 28-day compressive strength value. When the dosage of FA was increased from 0% to 5% and 10%, the 28-day compressive strength value increased by 8.3%, 7.1%, and 6.5%, respectively, compared to specimens without GF. Similarly, when the GF dosage increased to 0.4%, this ratio became 20.3%, 20.1%, and 18.0%. Additionally, the addition of 0.2% GF and 20% RP to the specimens also led to an improvement in the 28-day compressive strength. Specifically, when the dosage of FA increased from 0% to 5% and 10%, the 28-day compressive strength value increased by 6.6%, 5.5%, and 5.3%, respectively, compared to the specimens without GF. When the dosage of GF increased to 0.4%, the improvement rates changed to 19.7%, 20.0%, and 25.7%. These findings suggest that the addition of GF can effectively enhance the 28-day compressive strength of rubberized mortar, while the impact of FA is not significant.



In a previous study, Zhao et al. [31] discovered that FA decreased the strength of the rubber–cement matrix, consequently impacting the compressive strength. However, this phenomenon was not prominently observed in this study. Additionally, Li et al. and Qaidi et al. [61,62] suggested that the improved compressive strength resulting from the presence of fibers is primarily attributed to their ability to restrict crack development and provide lateral restraint. These findings align with the conclusions drawn in this study.





3.3. Drying Shrinkage


Drying shrinkage is an important phenomenon that assesses the deformation behavior in cementitious materials, which is closely related to their structural and durability properties [63]. Moreover, according to the relevant literature [64], drying shrinkage is directly influenced by the amount of free water in the system and the porosity of the cementitious materials.



Figure 9 displays the results of the drying shrinkage test for rubberized mortar modified by FA and GF at various hydration ages. As the hydration age increases, the drying shrinkage value consistently rises. However, the slope of the drying shrinkage curve for nearly all specimens noticeably decreases after 28 days. This can be attributed to the fact that the hydration process within the mortar is essentially finished within 28 days, causing the growth rate of dry shrinkage to decelerate.



The addition of RP has a varying effect on the drying shrinkage of mortar. When the RP replacement rate is low (≤ 10%), as shown in Figure 9a,b, the dry shrinkage value of the mortar does not change significantly. The 28-day drying shrinkage values of specimens FA0GF0RP0 and FA0GF0RP10 were 442.9 and 450.0 με, respectively. When the RP replacement rate is large (≥ 20%), the 28-day drying shrinkage has a significant increase, with specimen FA0GF0RP30 reaching 700.0 με. These phenomena may be mainly related to the porous structure of RP particles and high water absorption capacity. Under the condition of a large replacement rate, it is easy to cause the rapid growth of the dry shrinkage value of mortar. Similar conclusions have been drawn in the research conducted by Uygunoğlu et al. and Su et al. [65,66]. Additionally, Deng et al. [67] reported that the soft nature (high elasticity) characteristic of RP resulted in it being more prone to deformation behavior, which reduced the resistance to the drying shrinkage-induced strain of the matrix.



The addition of GF can effectively reduce the drying shrinkage of rubberized mortar at varying hydration ages. Especially, the drying shrinkage first decreased as the GF content increased to 0.2%, followed by a certain decrease as it further increased to 0.4%. However, this decrease is more significant when the RP replacement rate is higher (≥20%), as displayed in Figure 9c,d. The main reason for this is that the binding force provided by GF effectively limits the deformation of the matrix during the evaporation of water, and the specimens with a larger RP replacement rate need more GF to provide sufficient stiffness for the matrix. In the study conducted by Chen et al. [68], they found that the addition of excessive fiber may enhance the pore connectivity inside the matrix, which has a negative impact on the drying shrinkage of the matrix. Consequently, this should be fully considered in the design of this type of material.



The effect of FA on the drying shrinkage of rubberized mortar is less than that of RP and GF. During the 28-day hydration age, the addition of FA generally reduces the drying shrinkage of rubberized mortar. However, after the hydration age exceeds 28 days, the specimens modified by FA generally have relatively high drying shrinkage values. In the relevant literature [69,70,71], the reasons for this phenomenon are summarized as follows: (1) The early hydration activity of FA is relatively low, resulting in low drying shrinkage in early hydration ages. (2) FA changes the original composition of the cementitious materials system, which in turn changes the overall pore structure. (3) The addition of FA effects the carbon resistance ability of the cement matrix; this may affect the porosity of the cementitious materials system.




3.4. Impact Resistance


Impact resistance is an important factor in evaluating toughness. Figure 10 presents the results of the impact resistance test conducted on rubberized mortar modified by FA and GF. It can be seen from the figure that when the RP replacement rate is below 20%, the impact resistance of the mortar only shows a slight improvement. When the RP replacement rate reaches 30% (as shown in Figure 10d), there is a significant enhancement in the impact resistance of the mortar. This enhancement can be attributed to the unique physical properties of RP, which enable the formation of elastic centers within the concrete and contribute to the improved toughness of the mortar. This observation aligns with previous research findings [72,73]. The addition of GF has a significant impact on improving the impact resistance of rubberized mortar. As the dosage of GF increases from 0% to 0.4%, the impact resistance of each mixture in the test group can be increased by 26–35%. This increase in impact resistance is due to the enhancement of mortar toughness, which helps to restrict the development of cracks in the mortar under impact load. It is worth noting that the FA content does not have a significant effect on the impact resistance of rubberized mortar.




3.5. Thermal Insulation Properties


Based on the results of the varying properties test of rubberized mortar modified by FA and GF on the above sections, it was observed that a dosage of 10% FA can enhance the workability of the mortar while preserving its mechanical and deformation resistance properties. To streamline the experimental process, we conducted the following experiments using a 10% FA dosage. Additionally, we performed a thermal conductivity test based on the mix formulation provided in Table 4.



Thermal conductivity is an important parameter for the evaluation of insulating material [74]. The lower the thermal conductivity, the better the thermal insulating properties of the material, that is, the increase in the internal insulation quality of the content. Figure 11 illustrates the thermal conductivity of rubberized mortar specimens. The figure shows that the addition of RP significantly reduces the thermal conductivity of the mortar. As the RP replacement rate increases from 0% to 30%, thermal conductivity decreases from approximately 0.36–0.39 W·(m·K)−1 to 0.23–0.25 W·(m·K)−1. This enhancement in the thermal insulation properties can be attributed to the relatively low density of RP and its lower thermal conductivity compared to sand. Similar findings were reported in a study conducted by Abd-Elaty et al. [55]. Furthermore, the addition of GF also enhances the thermal insulation properties of rubberized mortar, albeit to a lesser extent. This can be attributed to the thermal physical properties of GF and its impact on the internal pore structure of mortar. However, the relatively small quantity of GF present in rubberized mortar limits the extent of this improvement. These results corroborate the findings of Awoyera et al. and Guardia et al. [75,76], identifying improved thermal insulating properties with increased fiber materials.



The utilization of waste materials for the production of building insulation materials can enhance thermal comfort in buildings while also offering cost-effective construction and environmental advantages. The aforementioned experimental results provide valuable insights into the potential applications of waste rubber and GF in various thermal insulation requirements.




3.6. Microstructure


Figure 12 illustrates the morphologies of rubberized mortar. In Figure 12a,b, voids and cracks can be observed around RP, suggesting that the damage in the rubberized mortar primarily occurs between the RP and matrix. These observations are consistent with previous studies [12,16,59]. However, the friction in cracks may result in energy dissipation. In Figure 12c,d, it is evident that the number of cracks in rubberized mortar is significantly reduced after the addition of GF. This improved interface has a positive impact on the strength and toughness of rubberized mortar. Although micro pores are present in rubberized mortar containing GF, the enhanced thermal insulation properties (in Section 3.5) may relate to this special observation.




3.7. Analytical Hierarchy Process


In this section, the AHP method was adopted to determine the optimal mixed proportion of rubberized mortar modified by FA and GF. The criteria considered were fluidity (C1), flexural strength (C2), compressive strength (C3), impact strength (C4), drying shrinkage (C5), and thermal conductivity (C6). Based on the comprehensive analysis of FA, GF, and RP on the properties of mortar in this study, six specimens (FA10GF0.2RP10, FA10GF0.4RP10, FA10GF0.2RP20, FA10GF0.4RP20, FA10GF0.2RP30, and FA10GF0.4RP30) were selected as alternatives, as shown in Figure 13.



According to the step described in Table 5, the order of six property indicators (C1, C2, …, C6) is sorted. Then, the pairwise comparisons matrix G was constructed as below:


  G =      1    1 / 3     1 / 3    5   3    1 / 3      3   1   1   7   5   1     3   1   1   7   5   1      1 / 5     1 / 7     1 / 7    1    1 / 2     1 / 7       1 / 3     1 / 5     1 / 5    2   1    1 / 5      3   1   1   7   5   1       











After calculating, the maximum eigen (   λ  max    ) of the pairwise comparisons matrix G and its corresponding eigenvector (v) were obtained as shown below:


   λ  max   = 6.0898  










  v =   ( 0.2380 , 0.5560 , 0.5560 , 0.0667 , 0.1073 , 0.5560 )  T   











The consistency test was performed using Equations (5) and (6), as the following equation:


  CI =    λ  max   − n   n − 1   = 0.01796  










  CR =   CI   RI   = 0.0145 < 0.1  











After satisfying the consistency test, the arithmetic average method, geometric average method, and eigenvalue method were used to calculate the weight (   ω 1   ,    ω 2   , and    ω 3   ), and their average values were calculated as the final weight vector (   ω G   ), as shown below:


    ω 1  =   (     0.1155     0.2664     0.2664     0.0326     0.0525     0.2664     )  T      ω 2  =   (     0.1111     0.2661     0.2661     0.0316     0.0512     0.2661     )  T      ω 3  =   (     0.1144     0.2673     0.2673     0.0321     0.0516     0.2673     )  T      ω G  =   (     0.1137     0.2666     0.2666     0.0321     0.0518     0.2666     )  T    











Based on the final weight calculation result, the priority of the six properties indicators can be determined. In order to consider the quantitative differences in their importance, pairwise comparison matrices are provided for each indicator, denoted as C1, C2, …, C6:


   C 1 =      1   2   3   4   5   6      1 / 2    1   2   3   4   5      1 / 3     1 / 2    1   2   3   4      1 / 4     1 / 3     1 / 2    1   2   3      1 / 5     1 / 4     1 / 3     1 / 2    1   2      1 / 6     1 / 5     1 / 4     1 / 3     1 / 2    1         C 2  =      1     1 / 2     5   4   8   7     2   1   6   5   9   8       1 / 5       1 / 6     1    1 / 2    3   2       1 / 4       1 / 5     2   1   4   3       1 / 8       1 / 9      1 / 3     1 / 4    1     1 / 2         1 / 7       1 / 8      1 / 2     1 / 3    2   1          C 3  =      1    1 / 2    6   5   8   7     2   1   7   6   9   8       1 / 6      1 / 7    1    1 / 2    3   2       1 / 5      1 / 6    2   1   4   3       1 / 8      1 / 9     1 / 3     1 / 4    1    1 / 2        1 / 7      1 / 8     1 / 2     1 / 3    2   1          C 4  =      1    1 / 4     1 / 2     1 / 5     1 / 4     1 / 7      4   1   2    1 / 2    1    1 / 4      2    1 / 2    1    1 / 3     1 / 2     1 / 5      5   2   3   1   2    1 / 3      4   1   2    1 / 2    1    1 / 4      7   4   5   3   4   1          C 5  =      1   3    1 / 4    1    1 / 5    1       1 / 3     1    1 / 6     1 / 3     1 / 7     1 / 3      4   6   1   4    1 / 2    4     1   3    1 / 4    1    1 / 5    1     5   7   2   5   1   5     1   3    1 / 4    1    1 / 5    1         C 6  =      1     1 / 2      1 / 3     1 / 4     1 / 5     1 / 6      2   1    1 / 2     1 / 3     1 / 4     1 / 5      3   2   1    1 / 2     1 / 3     1 / 4      4   3   2   1    1 / 2     1 / 3      5   4   3   2   1    1 / 2      6   5   4   3   2   1        











After calculating, their    λ  max    , CI, and CR value are displayed in Table 6. These calculation results can meet the requirements of the consistency test. Then, their weight vector ( ω ) was obtained as shown below:


   ω  C 1   =   (     0.3825     0.2504     0.1596     0.1006     0.0641     0.0428     )  T   










   ω  C 2   =   (     0.3071     0.4342     0.0722     0.1101     0.0312     0.0452     )  T   










   ω  C 3   =   (     0.3179     0.4430     0.0658     0.0996     0.0302     0.0435     )  T   










   ω  C 4   =   (     0.0393     0.1240     0.0702     0.2053     0.1240     0.4372     )  T   










   ω  C 5   =   (     0.0862     0.0378     0.2871     0.0862     0.4166     0.0862     )  T   










   ω  C 6   =   (     0.0416     0.0619     0.0969     0.1532     0.2401     0.4064     )  T   











Accordingly, the calculated priorities of alternatives with respect to the overall service performances of rubberized mortar modified by FA and GF are displayed in Figure 14. A higher priority indicates better overall properties. Consequently, the order of priority is as follows: C2 > C1 > C6 > C3 > C5 > C4. Overall, specimen FA10GF0.4RP10 has the highest priority of 0.381.





4. Conclusions


This study aimed to assess the feasibility of incorporating additives (FA and GF) into rubberized mortar. The experiment evaluated the resulting mortars based on fluidity, mechanical properties, drying shrinkage, impact resistance, and thermal insulation properties. The main findings can be drawn as follows:




	
The replacement of RP in mortar leads to a significant decrease in fluidity, and the addition of GF also contributes to reduced fluidity. Moreover, the addition of FA can appropriately improve the fluidity of the mortar. However, achieving this significant reduction in fluidity loss may necessitate the utilization of additional methods, such as incorporating chemical additives.



	
The addition of RP results in a decrease in compressive and flexural strengths. GF has a positive impact on the mechanical properties of rubberized mortar, particularly in enhancing flexural strength. Furthermore, the influence of FA on the mechanical properties of rubberized mortar is not clearly evident.



	
The high replacement rate of RP in the mortar results in a significant increase in drying shrinkage. GF limits the deformation of the matrix during the internal water evaporation process and enhances stiffness, thereby effectively reducing the drying shrinkage of the rubberized mortar. FA initially reduces drying shrinkage within 28 days, but it subsequently leads to an increase in drying shrinkage after 28 days.



	
The addition of RP to mortar can increase its toughness, resulting in improved impact resistance of the specimens. The highest increase in impact resistance is observed when the replacement rate of RP is 30%. GF can effectively restrict the development of cracks in rubberized mortar when subjected to impact loads, while FA has a lesser effect on modifying the impact resistance of rubberized mortar.



	
The low density and low thermal conductivity of RP contribute to the reduction in thermal conductivity of rubber mortar. As the RP replacement rate increases from 0% to 30%, the thermal conductivity decreases to 0.23–0.25 W·(m·K)−1. The addition of GF can further decrease the thermal conductivity of rubberized mortar.



	
In the condition of emphasizing fluidity, mechanical properties, drying shrinkage, impact resistance, and thermal insulation properties, the AHP method suggests that specimen FA10GF0.4RP10 exhibits the best comprehensive properties, with the highest priority of 0.381. The AHP method is primarily employed to identify viable options using existing indicators. To expand the applicability of this analytical tool, it may be necessary to foster creativity.
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Figure 1. Photographs of raw materials: (a) cement; (b) RP; (c) GF; (d) FA. 
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Figure 2. Test of the drying shrinkage. 
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Figure 3. Cantilever beam tester. 






Figure 3. Cantilever beam tester.



[image: Buildings 14 00221 g003]







[image: Buildings 14 00221 g004] 





Figure 4. Characterization of thermal conductivity (a) measurement instrument; (b) thermal insulation test; (c) the prepared specimen. 
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Figure 5. Fluidity of rubberized mortar modified by FA and GF: (a) 0% GF; (b) 0.2% GF; (c) 0.4% GF. 
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Figure 6. Flexural strength of rubberized mortar modified by FA and GF: (a) 0% GF; (b) 0.2% GF; (c) 0.4% GF. 
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Figure 7. Failure mode of mortar: (a) FA0GF0RP0; (b) FA0GF0.2RP10. 
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Figure 8. Compressive strength of rubberized mortar modified by FA and GF: (a) 0% GF; (b) 0.2% GF; (c) 0.4% GF. 
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Figure 9. Drying shrinkage of rubberized mortar modified by FA and GF: (a) 0% RP; (b) 10% RP; (c) 20% RP; (d) 30% RP. 
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Figure 10. Impact strength of rubberized mortar modified by FA and GF: (a) 0% RP; (b) 10% RP; (c) 20% RP; (d) 30% RP. 
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Figure 11. Thermal conductivity of rubberized mortar. 
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Figure 12. Microstructure: (a,b) are rubberized mortar; (c,d) are rubberized mortar containing GF. 
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Figure 13. Flow chart of the AHP. 
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Figure 14. Priorities of rubberized mortar modified by FA and GF. 
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Table 1. Chemical composition of raw materials.






Table 1. Chemical composition of raw materials.





	
Material

	
By Weight/%




	
CaO

	
SiO2

	
Al2O3

	
Fe2O3

	
MgO

	
SO3

	
TiO2

	
K2O






	
Cement

	
25.02

	
55.50

	
15.42

	
5.02

	
1.25

	
1.01

	
/

	
/




	
FA

	
3.50

	
57.03

	
26.12

	
4.23

	
0.72

	
0.72

	
1.81

	
1.34











 





Table 2. Physical properties of 32.5 cement.






Table 2. Physical properties of 32.5 cement.





	
Density/g·cm−3

	
Setting Time

	
Flexural Strength

	
Compressive Strength




	
Initial/min

	
Final/min

	
3 d/MPa

	
28 d/MPa

	
3 d/MPa

	
28 d/MPa






	
3.6

	
307

	
373

	
4.6

	
6.3

	
20.6

	
37.6











 





Table 3. Physical parameters of glass fiber.






Table 3. Physical parameters of glass fiber.





	Length/mm
	Diameter/μm
	Tensile Strength /MPa
	Elastic Modulus/GPa
	Density/g·cm−3





	6
	14
	1000
	72
	2.68










 





Table 4. Design parameter of mixed proportions.
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0% RP

	
10% RP

	
20% RP

	
30% RP




	
GF/%

	
FA/%

	
GF/%

	
FA/%

	
GF/%

	
FA/%

	
GF/%

	
FA/%






	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
0

	
5

	
0

	
5

	
0

	
5

	
0

	
5




	
0

	
10

	
0

	
10

	
0

	
10

	
0

	
10




	
0.2

	
0

	
0.2

	
0

	
0.2

	
0

	
0.2

	
0




	
0.2

	
5

	
0.2

	
5

	
0.2

	
5

	
0.2

	
5




	
0.2

	
10

	
0.2

	
10

	
0.2

	
10

	
0.2

	
10




	
0.4

	
0

	
0.4

	
0

	
0.4

	
0

	
0.4

	
0




	
0.4

	
5

	
0.4

	
5

	
0.4

	
5

	
0.4

	
5




	
0.4

	
10

	
0.4

	
10

	
0.4

	
10

	
0.4

	
10








Note: in FA5GF0.2RP20 specimen, “5”, “0.2”, and “20” refers to volume fractions of FA, GF, and RP in the mixtures.













 





Table 5. The importance value of step (b) in AHP.
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	Scales
	Importance value of i and j





	1
	Equal importance



	3
	Slightly higher importance



	5
	Normal importance



	7
	Strong importance



	9
	Extreme importance



	2, 4, 6, 8
	Intermediate value of two adjacent scales










 





Table 6. The maximum eigen, CI, and CR values of pairwise comparison matrices.






Table 6. The maximum eigen, CI, and CR values of pairwise comparison matrices.





	Alternatives
	C1
	C2
	C3
	C4
	C5
	C6





	    λ  max     
	6.1225
	6.1605
	6.2224
	6.1081
	6.1168
	6.2306



	CI
	0.0245
	0.0321
	0.0440
	0.0216
	0.0234
	0.0461



	CR
	0.0198
	0.0259
	0.0359
	0.0174
	0.0188
	0.0372
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