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Abstract

:

Engineered Geopolymer Composites (EGCs), known for their excellent tensile properties and lower carbon emissions, have gained widespread attention in the field of fiber-reinforced concrete. However, the high cost of high-performance synthetic fibers, a crucial component of EGCs, limits their practical engineering applications. In this study, by using low-cost PP fibers hybridized with PE fibers and adjusting the fly ash/ground granulated blast furnace slag (FA/GGBS) ratio, cost-effective, high-performing hybrid PE/PP-reinforced engineered geopolymer composites (H-EGCs) were developed. This study conducted axial compressive and tensile tests on H-EGCs with different FA/GGBS ratios (7:3, 6:4, and 5:5) and PP fiber replacement ratios (0%, 25%, 50%, 75%, and 100%), investigated the influence of FA/GGBS and PP fiber replacement ratio on static mechanical behavior, and evaluated the economic and environmental benefits based on mechanical performance indicators. The result indicated that the compressive strength of H-EGCs can reach 120 MPa when the FA/GGBS ratio is 5:5; however, an increase in FA/GGBS and PP fiber replacement ratio leads to a loss in compressive strength and elastic modulus. The incorporation of PP fibers in moderate amounts enhances ultimate tensile strain by reducing crack control ability, and the maximum tensile deformation capacity (7.82–9.66%) was obtained for H-EGCs with a PP fiber replacement ratio of 50%. The optimal economic and environmental benefits of H-EGCs are observed when the FA/GGBS ratio is 5:5 and the PP fiber replacement ratio is set at 50%.
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1. Introduction


In the past few decades, intensive infrastructure construction worldwide has led to a sharp increase in the production of ordinary Portland cement. Manufacturing 1 ton of cement typically results in the emission of about 0.6 to 1.0 tons of carbon dioxide [1,2,3], accounting for about 5–8% of the annual global carbon emissions [4,5]. Enhancing structural performance and developing low-carbon building materials are effective measures for addressing this situation [6,7,8]. The continuous advancement of industrialization has led to the accumulation of a large amount of industrial waste, such as fly ash (FA) and blast furnace slag (GGBS) [9]. Meanwhile, due to the predominance of thermal power generation in China’s energy landscape [10], the stockpile of fly ash is expected to continue growing rapidly for a considerable period. In addressing this issue, scholars have endeavored to develop novel gel materials as partial or complete substitutes for Portland cement. In recent years, geopolymer has garnered widespread attention due to its notable characteristics, including high compressive strength, exceptional chemical resilience, and superior fire resistance [11,12,13]. Using silica–alumina-rich volcanic ash as a precursor material (such as metakaolin, FA, and GGBS), and employing alkaline activators (typically NaOH, Na2SiO3, or Na2CO3), the material’s reactivity is enhanced, initiating hydrolysis and polymerization reactions, thereby forming geopolymer materials [14]. Compared to traditional cement, geopolymer can reduce approximately 55% to 75% of carbon emissions and about 36% of energy consumption, making it a promising alternative to cement [15,16,17].



To extend the application of geopolymer in broader fields, Engineered Geopolymer Composites (EGCs) utilizing geopolymer gels have been developed successfully [18,19,20]. Through the microscopic mechanical design of interactions between fibers and the mortar matrix, this material achieves multiple microcrack development and pseudo strain-hardening behavior, resulting in a tensile strain capacity exceeding 3% [19,21,22,23]. Ohno and Li [19] proposed an integrated design approach for Engineered Geopolymer Composites, optimizing the EGC mix proportions, resulting in an increased compressive strength of 43.1 MPa and improved ultimate tensile strain of 4.7%. Moreover, when compared to standard engineered cementitious composites, energy consumption was reduced by 11%, and carbon emissions were decreased by 55%. Kan et al. [23] introduced zeolite into fly ash-based EGCs and successfully increased the tensile ductility to 8.62%. Nguyễn et al. [24] developed fly ash-based EGCs with an ultimate tensile strain of 13.7%.



Currently, high-performance synthetic fibers, such as Polyvinyl Alcohol (PVA) fibers or Ultra-High Molecular Weight Polyethylene (UHMWPE) fibers (referred to as PE fibers), are commonly employed in EGCs to achieve their high tensile performance. However, these high-performance synthetic fibers are generally associated with elevated costs, accounting for 54–70% of the overall material cost for EGCs [25]. Therefore, it is imperative to seek cost-effective alternatives to PE fibers or PVA fibers [26,27,28,29]. Peng et al. [27] developed low-cost EGCs using POM fiber hybridized with PE fiber. The carbon emissions were reduced by 56.8–65.3%, energy consumption was reduced by 24.2–34.2%, and the cost was reduced by 27.8–66.6%, compared to the traditional engineering cementitious composites. Polypropylene (PP) fibers possess high strength and corrosion resistance, and their cost is notably lower compared to that of PE/PVA fibers, making them excellent candidates as reinforcement materials for EGCs. However, the mechanism by which the hybridization of PE/PP fibers currently affects the mechanical properties of EGCs remains unclear.



On the other hand, fly ash-based geopolymer typically does not exhibit a mechanical performance advantage [30]. Due to the relatively low reactivity of fly ash, achieving desirable mechanical properties in fly ash-based geopolymer usually requires measures such as high-temperature curing and elevated alkaline content [29,30,31,32,33]. However, this process results in additional carbon emissions, contradicting the original intention of developing geopolymer concrete. The mechanical properties of fly ash-based geopolymer can be effectively enhanced by introducing GGBS with a higher CaO content [34,35,36]. Gao et al. [37] investigated the influence of the GGBS/FA ratio on reaction kinetics, gel characteristics, and compressive strength, revealing that an increase in slag content not only accelerates the reaction rate but also significantly improves the compressive strength of geopolymer. However, the increased GGBS content may lead to a decrease in flowability [38,39] and a shortened setting time [36], which are also important factors affecting the mechanical properties of geopolymer. Therefore, different FA/GGBS ratios will cause changes in the microstructure and mechanical properties of the EGC internal matrix and the fiber–matrix interface, which will inevitably affect the macroscopic mechanical properties. However, the influence of the FA/GGBS ratio on the mechanical properties of EGCs is currently unclear, and there are few reports on related research.



In order to comprehensively evaluate the mechanical behavior and economic and environmental benefits of hybrid PE/PP fiber-reinforced EGCs (H-EGCs) under different FA/GGBS ratios and PP fiber replacement ratios, this paper investigates three FA/GGBS ratios (7:3, 6:4, and 5:5) and five PP fiber replacement ratios (0% to 100%, with 25% increments) to analyze the axial compressive and axial tensile properties of H-EGC. It also assesses the economic and environmental performance to offer insights for designing cost-effective EGCs. Figure 1 depicts the research process of this paper in the form of a flowchart.




2. Materials and Test Methods


2.1. Raw Materials


The raw materials used for preparing H-EGCs in this study primarily include FA (Class F, grade I [40]), GGBS (S105 grade [41]), quartz sand (QS), sodium hydroxide, waterglass, PE fibers, PP fibers, a retarder (BaCl2), and water, as depicted in Figure 2. The waterglass modulus is 2.25, composed of 29.99 wt% SiO2, 13.75 wt% Na2O, and 56.26 wt% H2O. The varying elemental content within FA and GGBS is represented by their respective proportions of oxide masses, as shown in Table 1. The particle size distribution of FA, GGBS, and QS was determined using a laser particle size analyzer (Mastersizer 3000), and the results are shown in Figure 3. Table 2 provides the physical and mechanical parameters of PE and PP fibers.




2.2. Mix Proportions and Specimen Preparation


In this study, the FA/GGBS ratios (7:3, 6:4, and 5:5) and PP fiber replacement ratios (0% to 100%, with increments of 25%) were adopted as research variables. Fifteen experimental mix proportions were designed, as outlined in Table 3.



In this study, cylinder and dumbbell-shaped specimens were prepared for axial compressive and axial tensile tests, with the dimensions illustrated in Figure 4. Prior to specimen preparation, the alkali activator needed to be prepared. The alkali activator was obtained by mixing waterglass with a sodium hydroxide solution (10 mol/L) in a mass ratio of 2:1 and then cooling the mixture. The mixing process for the H-EGCs is depicted in Figure 5. Initially, dry materials were added to a planetary mixer and dry blended at a slow speed (75 r/min) for 2 min. Following this, the alkali activator was gradually added to the mixture without halting the machine, and stirring continued at a low speed for 1 min. Afterwards, water and retarder were introduced into the mixture and blended at a rapid speed of (135 r/min) for 1 min. Finally, fibers were added while stirring at a slow speed for 3 min. The entire mixing process took approximately 7–8 min. Upon completion of blending, the mixture was poured into molds for shaping and left to undergo ambient curing for 24 h. Subsequently, the specimens were demolded, immersed in water for 27 days, and mechanical performance tests were conducted at the age of 28 days.




2.3. Test Setup and Loading


2.3.1. Flowability Test


The flowability test of the H-EGCs was conducted in accordance with the ASTM C1437-15 [42]. The testing apparatus is depicted in Figure 6a. Initially, fresh mortar was poured into a truncated cone-shaped mold. Subsequently, the mold was slowly lifted, and the working table reciprocated, causing it to drop 25 times. The diameter of the mortar was measured using a steel ruler to obtain the spread diameter.




2.3.2. Uniaxial Compressive Test


Following ASTM C109/C109M [43], axial compressive tests were conducted on H-EGCs using the YNS-Y3000 testing machine, Sinotest Equipment Co., Ltd., Changchun, China. The tests were performed in displacement control mode, employing a loading rate of 0.2 mm/min. Two longitudinal strain gauges and Linear Variable Differential Transformers (LVDTs) were symmetrically arranged to measure the axial deformation of the specimens. Load and deformation data were simultaneously collected using a TDS-530 Static Collector. Detailed experimental configurations are illustrated in Figure 6b.




2.3.3. Uniaxial Tensile Test


Tensile tests on H-EGCs were conducted using an electronic universal testing machine. To avoid eccentric tension, as shown in Figure 6c, a universal joint was installed on both sides of the grips. In accordance with JSCE 2008 [44], the tests were conducted in displacement control mode, employing a loading rate of 0.5 mm/min. Additionally, deformations in the middle measurement section of the specimens were collected through LVDTs installed on both sides of the specimens.






3. Results and Discussion


3.1. Flowability


Figure 7 illustrates the flowability of fresh H-EGCs with different FA/GGBS ratios and varying PP fiber replacement ratios. It can be observed that the slump flow of fresh H-EGCs with different FA/GGBS ratios increases with the rise in PP fiber replacement ratios. Among them, the flowability of H-EGCs with a fly ash slag ratio of 7:3 exhibits the most significant enhancement with increasing PP fiber replacement ratios, with a 43.5% increase in slump flow for M73-R100 compared to M73-R0. Factors influencing the flowability of fresh geopolymer mortar with fibers mainly include fiber surface area, surface hydrophilicity, flexibility, etc. [45]. In this scenario, the observed effect is primarily ascribed to the smaller aspect ratio and higher stiffness of PP fibers in comparison to PE fibers. As the PP fiber replacement ratios increase, the occurrence of PE fiber aggregation during matrix mixing can be mitigated., thereby improving the flowability of EGCs and the dispersion of fibers.



However, at the same PP fiber replacement ratio, the content of slag also significantly influences the flowability of EGCs. With an increase in slag content, the flowability exhibits varying degrees of reduction. When the FA/GGBS ratio decreases from 7:3 to 5:5, the slump flow decreases by 6.3% to 10.8%. The potential reason for this phenomenon may be attributed to the regular spherical shape of FA particles, which, compared to the irregular shape of GGBS particles, is more prone to the “ball-bearing effect,” enhancing flowability [39].




3.2. Compressive Performance


3.2.1. Failure Mode


The failure modes of uniaxial compressive specimens of H-EGCs are shown in Figure 7. As shown in Figure 8, inclined primary cracks penetrate the side of the cylinder specimens from top to bottom, indicating a vertical splitting failure with pronounced compressive brittleness behavior [12]. Numerous crack branches originate around the main crack, and there is no apparent spalling on the surface at the time of failure, indicating good integrity and highlighting the effective bridging role of fibers after specimen failure. Furthermore, Figure 8 suggests that the FA/GGBS ratio does not exhibit a significant impact on the compressive failure mode of cylinder specimens, but the PP fiber replacement ratio notably influences the fracture interface inclination. As the PP fiber replacement ratio increases, the angle of fracture interface inclination rises from approximately 60° to around 80°, indicating a more pronounced compressive brittleness. This observation could be attributed to the comparatively smaller aspect ratio and lower elastic modulus of PP fibers when contrasted with PE fibers, leading to a reduction in the bridging effect of fibers and consequently affecting compressive ductility.




3.2.2. Stress–Strain Behavior under Compression


Figure 9 depicts the compressive stress–strain curves of H-EGCs. The curves exhibit three distinct stages: elastic, stress drop, and plateau. In the elastic stage, the specimen remains uncracked, and the stress–strain relationship is relatively linear. During the stress drop stage, cracking occurs due to the hydrophobic nature of the synthetic fibers, leading to a lack of strong bonding between the fiber and matrix and resulting in a sudden stress redistribution. After the stress drop, an equilibrium is reached between internal stresses and the fiber bridging effect, leading to a plateau in the stress–strain curve. It is evident from the stress–strain curve that H-EGCs lack good post-peak ductility, displaying significant compressive brittleness.




3.2.3. Compressive Strength and Elastic Modulus


The characteristic parameters of compressive strength, peak strain, and elastic modulus for H-EGCs can be derived from the compressive stress–strain curves depicted in Figure 9 and are listed in Table 4. Figure 10 presents the compressive parameters of H-EGC specimens for each group, revealing a significant negative influence of increasing PP fiber replacement ratios on compressive performance. With the rise in PP fiber replacement ratios, both the uniaxial compressive strength and elastic modulus of H-EGCs gradually decrease. When PP fibers completely replace PE fibers, the reduction in elastic modulus reaches 7.2%, 8.3%, and 14.1% under different FA/GGBS ratios, while the reduction in compressive strength reaches 22.4%, 19.3%, and 23.5%, respectively. This is likely attributed to the lower elastic modulus and strength of PP fibers compared to PE fibers. Excessive incorporation of PP fibers is equivalent to introducing voids into the matrix, thereby influencing the compressive performance of the specimens [21].



Additionally, contrasting the compressive mechanical properties of H-EGCs under different FA/GGBS ratios revealed an enhancement in compressive strength and elastic modulus with an increase in GGBS content. This is consistent with the findings of Rafeet et al. [36]. As the GGBS content increased from 30% to 50%, the compressive strength and elastic modulus of M55-R0 achieved values of 118.3 MPa and 20.52 GPa, respectively, representing an improvement of 59.6% and 38.1% compared to M73-R0. The reason for the increase in strength and modulus could be attributed to the higher reactivity of GGBS, which favors the formation of more gel and a denser microstructure [46]. Furthermore, the increase in GGBS content leads to an increase in the Si/Al ratio in the mixture, which in turn has a positive effect on the compressive performance [47].





3.3. Tensile Performance


3.3.1. Tensile Cracking Characteristics


Under tensile loading, concrete experiences the formation of small, discontinuous microcracks distributed throughout its interior, which gradually propagate to eventually form macroscopic cracks. In contrast, within EGCs, the internal fibers can provide sufficient bridging action, and under the restraining effect of the fibers, microcracks eventually propagate into stable flattened cracks. As this process repeats, it results in the multi-cracking pattern characteristic of EGCs, as shown in Figure 11a. The crack density, defined as the ratio of the number of cracks to the length of the measuring area, along with the average crack width, were established as characteristic parameters for the tensile cracks observed within the gauge length of the fractured H-EGC dumbbell-shaped specimens [26]. A randomly selected square area of 10 mm within the gauge length was chosen, and crack statistics for this area were conducted using an electron microscope (as shown in Figure 11b), obtaining information on crack density and average crack width for H-EGCs. At a PP fiber replacement ratio of 100%, the specimen displayed brittle failure, and thus, crack characteristics were not analyzed, as depicted in Figure 12. From Figure 12, it is apparent that PE fibers demonstrated superior crack control capabilities in comparison to PP fibers. With an increase in the PP fiber replacement ratio in H-EGCs, the crack density decreased, while the crack width increased upon specimen failure. For the M73 group, as the PP fiber replacement ratio rose from 0% to 75%, the crack width expanded from 21.54 μm to 62.5 μm, representing a 190% increase, while the crack density decreased from 1.2 mm−1 to 0.4 mm−1, indicating a 66.7% reduction. Comparing H-EGCs with different FA/GGBS ratios, an increase in GGBS content effectively restrained crack propagation and reduced crack width. This phenomenon may be related to the high reactivity of GGBS and the denseness of the gel-forming products generated during the reaction. However, crack density decreased with the increase in GGBS content, which could be attributed to the enhanced matrix toughness with higher GGBS content, reducing the saturation cracking capacity of H-EGCs.




3.3.2. Stress–Strain Behavior under Tension


Figure 13 illustrates the tensile stress–strain curves of H-EGCs. As observed in Figure 13, after cracking, the curve does not exhibit a sharp decline but rather displays pseudo-strain hardening behavior, accompanied by serrated fluctuations due to the initiation of multiple cracks. However, when PP fibers completely replace PE fibers, the stress rapidly decreases after cracking, demonstrating typical brittle fracture. With an increase in the PP fiber replacement ratio, the cracking stress and peak stress of the curve start to decline. Interestingly, at PP fiber replacement ratios of 25% and 50%, the ultimate tensile strain of H-EGCs is notably higher than that of specimens containing only PE fibers. Additionally, it can be seen from Figure 13 that the magnitude of stress reduction generally increases with the addition of PP fibers. This can be attributed to the lower tensile strength of PP fibers and their weaker bridging ability with the matrix, a phenomenon reflected in the crack parameters of H-EGCs. It is noteworthy that Figure 13 shows a noticeable influence of the FA/GGBS ratio on the cracking stress and peak stress in the stress–strain curve, with similar trends in curve variations.




3.3.3. Tensile Characteristic Parameters


The tensile characteristic parameters from the stress–strain curve of H-EGCs in Figure 13 were extracted and are presented in Table 5. Figure 14 illustrates the variation in initial cracking strength and initial cracking strain of H-EGCs with the content of PP fibers. As observed in the figure, at constant matrix strength, increasing the PP fiber replacement ratio leads to varying degrees of decline in both the initial cracking strength and initial cracking strain, showing a linear negative correlation. With the PP fiber replacement ratio increasing from 0% to 100%, the average tensile initial cracking strength of the M73 group drops from 4.57 MPa to 1.51 MPa, representing a reduction of 67%; in the M64 group, the specimen’s initial cracking strength decreases from 4.58 MPa to 1.71 MPa, showing a decrease of 63%; the M55 group also follows a similar trend, experiencing a 53% reduction in average tensile initial cracking strength. Under the condition of insufficient strong bonding, the lower elastic modulus and lower aspect ratio of PP fibers compared to PE fibers result in relatively lower synergistic performance with the matrix before specimen cracking [48]. Consequently, this leads to a decline in both initial cracking strength and strain. Furthermore, from the linear fit curves of initial cracking strength and strain with the PP fiber replacement ratio, it can be observed that H-EGCs with a higher content of GGBS have a larger intercept for initial cracking strength. This implies that as the FA/GGBS ratio decreases, the initial cracking strength increases. The reason for this phenomenon is attributed to the densification of the microstructure of geopolymer induced by GGBS [49].



Figure 15 illustrates the relationship between the tensile strength and ultimate tensile strain of H-EGCs with varying PP fiber replacement ratio. As shown in the figure, with the PP fiber replacement ratio increasing from 0% to 100%, the ultimate tensile strength of the M73 group drops from 6.81 MPa to 1.71 MPa, representing a reduction of 75%; in the M64 group, the tensile strength of the specimen drops from 7.21 MPa to 2.00 MPa, showing a decrease of 72%; the M55 group also follows a similar trend, experiencing reductions of 69% in both average tensile initial cracking strength and ultimate tensile strength. Notably, the tensile strength of the M55 group with a higher content of GGBS is generally higher than the other groups. From Figure 15a, it can also be observed that the tensile strain capacity of H-EGCs with different FA/GGBS ratios shows a trend of initially increasing and then decreasing with the increase in PP fiber replacement ratio, reaching a peak when half of the fibers are replaced with PP fibers. When the PP fiber replacement ratio exceeds 50%, the insufficient fiber bridging effect fails to meet the micro-mechanical design criteria for high-ductility concrete [50]. Overall, H-EGCs with lower GGBS ratios exhibit higher ultimate tensile strain, consistent with their higher crack density.



The tensile strength of H-EGCs is primarily dependent on the fiber characteristics. According to previous studies [26], the tensile strength can be calculated by the following equation:


   σ u  =  α 1     L  f , p e      d  f , p e       1 − R    V f  +  α 2     L  f , p p      d  f , p p     R  V f   



(1)




where     α   1     and     α   2     represent parameters considering the influence of fiber hybrid ratio on fiber orientation, distribution, and bonding properties, which can be expressed using Equation (2);     V   f     denotes the volume fraction of fibers;     L   f     and     d   f   ,   respectively, stand for fiber length and diameter.


   α i  =  a i   e  −  b i  R   , i = 1 , 2  



(2)







By substituting experimental data into Equation (1) and performing fitting, the values of parameters     α   1     and     α   2     for H-EGCs at different FA/GGBS ratios are obtained as shown in Table 6:



The tensile strength of H-EGCs at different FA/GGBS ratios (7:3, 6:4, 5:5) can be calculated using Equations (3)–(5), respectively. The fitting results of the equations are depicted in Figure 16.


    σ  u , 7 : 3   = 6.67  e  0.87 R   ·   1 − R   + 0.67  e  0.87 R   · R   ;    R 2  = 0.91   



(3)






    σ  u , 6 : 4   = 7.06  e  − 0.18 R   ·   1 − R   + 13.2  e  − 1.9 R   · R   ;    R 2  = 0.99   



(4)






    σ  u , 5 : 5   = 7.46  e  0.26 R   ·   1 − R   + 9.36  e  − 1.5 R   · R   ;    R 2  = 0.98   



(5)










4. Environmental and Economic Properties


Using PP fibers can effectively reduce the carbon emissions and economic costs of H-EGCs. On the other hand, altering the FA/GGBS ratio can achieve higher mechanical performance with relatively small economic costs. Therefore, this paper conducts a quantitative analysis of the carbon emissions and costs of H-EGCs. The material costs and carbon emission factors of the components of H-EGCs are shown in Table 7, with each material cost computed using market prices in China. For a more intuitive comparison, assuming the cost and carbon emissions per unit volume of M73-R0 are both 1, the costs and carbon emissions of other ratios are calculated based on the mix proportions in Table 3 and the costs and carbon emission factors of each raw material in Table 7. It is worth noting that the scope of the life cycle assessment (LCA) involved in this study is “Cradle to Gate”, only considering the processes from raw material extraction to production, while disregarding the costs and carbon emissions generated from transportation, use, and disposal processes. In addition, in order to analyze the effects of different PP fiber replacement ratios and FA/GGBS ratios on the economics and carbon emissions of H-EGCs, this paper uses the ratios of important tensile parameters (tensile strength, ultimate tensile strain) as well as the ratio of compressive strength to cost/carbon emissions as the economic/environmental indices to conduct a comprehensive evaluation of the economics and environmental protection of H-EGCs, and the results are shown in Table 8.



Table 8 shows that the use of PP fibers effectively reduces costs. With a PP fiber replacement ratio of 100%, the cost of H-EGCs is reduced by approximately 59.8% to 61%. However, the impact of PP fibers on carbon emissions can be neglected. Additionally, it can be observed from the data in the table that the influence of different FA/GGBS ratios on cost and carbon emissions is negligible. However, when mechanical performance indicators are taken into consideration, it is evident that the PP fiber replacement rate and FA/GGBS ratio have a significant impact on the economic and environmental benefits. Figure 17 and Figure 18 represent three-dimensional radar charts assessing economic and environmental performance, and it can be visually observed that when the PP fiber replacement ratio is 50%, the enveloped area of the radar chart is maximized, indicating the most significant economic and environmental benefits. At the same time, H-EGCs with higher GGBS content show prominent economic indicators and a larger enveloped area. Therefore, M55-R50 exhibits the best economic and environmental benefits. However, for different application scenarios, there should be a selective emphasis on the H-EGC mix proportion. For instance, in scenarios where higher compressive strength is required, it is necessary to choose a lower FA/GGBS ratio and PP fiber replacement rate. Conversely, in scenarios where higher tensile strength and tensile ductility are required, the PP fiber replacement rate should not exceed 50%.




5. Conclusions


This study examined the mechanisms through which the FA/GGBS ratio and PP fiber replacement ratio influence the mechanical behavior of H-EGCs. Additionally, a comprehensive evaluation of the environmental and economic benefits of H-EGCs was conducted. The conclusions can be summarized as follows:




	(1)

	
The smaller aspect ratio and higher stiffness of PP fibers alleviate fiber agglomeration during the mixing process in H-EGCs, particularly with an increased PP fiber replacement ratio. This enhancement improves the flowability of fresh H-EGCs, as evidenced by an increase in slump flow from 38.2% to 43.5% when PP fibers fully replace PE fibers. Moreover, the “rolling ball effect” of fly ash contributes to superior flowability in H-EGCs with a higher FA/GGBS ratio, even at the same PP fiber replacement ratio.




	(2)

	
H-EGCs demonstrate a vertical splitting pattern upon compressive failure, indicating significant compressive brittleness. The introduction of PP fibers, which possess lower elastic modulus and strength, effectively creates voids within the matrix, thereby diminishing the compressive performance of the specimens. When PP fibers completely replace PE fibers, both the compressive strength and elastic modulus decrease by 19.3% to 23.5% and 7.2% to 14.1%, respectively. Moreover, the increased GGBS content enhances the densification of the cementitious microstructure, resulting in a substantial improvement in the compressive strength and elastic modulus of H-EGCs.




	(3)

	
The incorporation of PP fibers reduces the tensile strength and crack control capability of H-EGCs. However, at a PP fiber replacement ratio of 50%, H-EGCs achieve the highest tensile strain capacity (9.66%). Comparing H-EGCs with different FA/GGBS ratios, a higher GGBS content increases the ductility of the matrix, decreasing the ultimate tensile strain but enhancing the tensile strength of H-EGCs.




	(4)

	
Through a comprehensive assessment of the cost, carbon emissions, and mechanical properties of H-EGCs, it is found that increasing the GGBS content and incorporating an appropriate amount of PP fibers are beneficial for enhancing the environmental and economic performance of H-EGCs, with M55-R50 being the optimal combination.









For EGCs with different FA/GGBS ratios, the partial replacement of PE fibers with PP fibers effectively enhances the tensile performance. Although some loss in strength occurs, considering cost and carbon emissions, the hybrid fiber method proves to be an effective approach to improve the economic and environmental benefits of H-EGCs. This paper suggests that the replacement ratio of PP fibers should not exceed 50%. The testing at the micro level in this study is still lacking. In the future, advanced microscopic testing methods need to be employed to further investigate the internal microstructure and fiber–matrix interface properties of H-EGCs. Additionally, further research is required to study the macroscopic mechanical response of H-EGCs under impact and fatigue loading, providing a theoretical basis for its application in various practical environments.
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Figure 1. Flowchart of the research. 
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Figure 2. Raw materials for H-EGCs. (a) FA; (b) GGBS; (c) QS; (d) waterglass; (e) NaOH; (f) BaCl2; (g) PE fibers; (h) PP fibers. 
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Figure 3. Particle size distribution of FA, GGBS, and QS. 
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Figure 4. Specimen dimensions. (a) Uniaxial compressive specimen; (b) uniaxial tensile specimen. 
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Figure 5. Preparation process of H-EGCs. 
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Figure 6. Test setup. (a) Flowability test; (b) uniaxial compressive test; (c) uniaxial tensile test. 
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Figure 7. Flowability of fresh H-EGCs. 
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Figure 8. Compressive failure mode. 
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Figure 9. Compressive stress–strain curves of H-EGCs. 
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Figure 10. Compressive strength and elastic modulus of H-EGCs. 
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Figure 11. (a) The crack morphology of H-EGCs; (b) method for statistical analysis of tensile crack characteristics. w represents the crack width; n represents the number of cracks; L represents the length of the measuring zone. 
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Figure 12. Tensile crack characteristics. (a) Crack width; (b) crack density. 
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Figure 13. Tensile stress-strain curve. 
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Figure 14. Tensile crack initiation characteristics. (a) Initial cracking strain; (b) Initial cracking strength. 
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Figure 15. Tensile ultimate point characteristics. (a) Ultimate tensile strain; (b) initial cracking strength. 
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Figure 16. Tensile strength fitting curves of H-EGCs. 
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Figure 17. Radar chart of economic indices. (a) M73; (b) M64; (c) M55. 
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Figure 18. Radar chart of environmental indices. (a) M73; (b) M64; (c) M55. 
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Table 1. Chemical composition (wt%) of FA and GGBS.
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	Oxide
	GGBS
	FA





	CaO
	34.0
	4.01



	SiO2
	34.5
	54.0



	Al2O3
	17.7
	31.2



	SO3
	1.64
	2.20



	Fe2O3
	1.03
	4.16



	MgO
	6.01
	1.01



	TiO2
	/
	1.13



	Other
	5.12
	2.37










 





Table 2. Parameter list of fiber.
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	Fiber Type
	Density

(g/cm3)
	Strength

(MPa)
	Elastic Modulus

(GPa)
	Length

(mm)
	Diameter

(um)
	Elongation at Break

(%)





	PE
	0.97
	2800
	120
	12
	18
	3.70



	PP
	0.91
	314.8
	4.08
	12
	100
	26.80










 





Table 3. Mix proportions of H-EGCs.
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Mix IDs

	
Matrix (kg/m3)

	
Volume Fraction (%)




	
FA

	
GGBS

	
QS

	
Activator

	
Extra Water

	
Retarder

	
PE Fiber

	
PP Fiber






	
M73-R0

	
849.7

	
364.1

	
242.8

	
485.5

	
72.8

	
12.1

	
2

	
0




	
M73-R25

	
1.5

	
0.5




	
M73-R50

	
1

	
1




	
M73-R75

	
0.5

	
1.5




	
M73-R100

	
0

	
2




	
M64-R0

	
736.3

	
490.9

	
245.4

	
490.9

	
73.6

	
12.3

	
2

	
0




	
M64-R25

	
1.5

	
0.5




	
M64-R50

	
1

	
1




	
M64-R75

	
0.5

	
1.5




	
M64-R100

	
0

	
2




	
M55-R0

	
620.3

	
620.3

	
248.1

	
496.2

	
74.3

	
12.4

	
2

	
0




	
M55-R25

	
1.5

	
0.5




	
M55-R50

	
1

	
1




	
M55-R75

	
0.5

	
1.5




	
M55-R100

	
0

	
2








Note: The notation MX-RY represents the FA/GGBS ratio as X and the PP fiber replacement ratio as Y. For example, M73-R25 signifies an FA/GGBS ratio of 7:3 and a PP fiber replacement ratio of 25%.













 





Table 4. Characteristic parameters of compressive.
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	Mix IDs
	Peak Strain εcp (%)
	Peak Strength σcp (MPa)
	Elastic Modulus E (GPa)





	M73-R0
	0.428 (0.009)
	57.5 (1.650)
	13.79 (0.114)



	M73-R25
	0.450 (0.016)
	60.5 (0.735)
	14.07 (0.358)



	M73-R50
	0.453 (0.009)
	61.6 (0.801)
	14.43 (0.217)



	M73-R75
	0.497 (0.005)
	64.1 (2.216)
	14.60 (0.287)



	M73-R100
	0.527 (0.021)
	74.1 (1.281)
	14.86 (0.078)



	M64-R0
	0.607 (0.012)
	93.5 (1.862)
	17.14 (0.190)



	M64-R25
	0.573 (0.020)
	90.1 (0.817)
	16.72 (0.080)



	M64-R50
	0.580 (0.008)
	86.2 (0.974)
	16.04 (0.129)



	M64-R75
	0.540 (0.015)
	82.4 (0.850)
	15.84 (0.035)



	M64-R100
	0.463 (0.009)
	75.5 (1.837)
	15.72 (0.159)



	M55-R0
	0.610 (0.008)
	118.3 (1.451)
	20.52 (0.761)



	M55-R25
	0.553 (0.009)
	106.3 (2.707)
	19.77 (0.579)



	M55-R50
	0.547 (0.036)
	103.9 (1.350)
	19.55 (0.079)



	M55-R75
	0.535 (0.035)
	99.0 (0.900)
	18.68 (0.186)



	M55-R100
	0.513 (0.012)
	90.5 (6.624)
	17.63 (0.150)










 





Table 5. Tensile characteristic parameters of H-EGCs.
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	Mix IDs
	Initial Cracking

Strain εini (%)
	Ultimate Tensile

Strain εtu (%)
	Initial Cracking

Strength σini (MPa)
	Tensile Strength

σtu (MPa)





	M73-R0
	0.253 (0.053)
	6.427 (0.267)
	4.569 (0.164)
	6.806 (0.261)



	M73-R25
	0.227 (0.004)
	6.911 (0.647)
	3.932 (0.205)
	6.586 (0.445)



	M73-R50
	0.125 (0.016)
	9.659 (0.196)
	3.368 (0.227)
	5.786 (0.006)



	M73-R75
	0.122 (0.046)
	4.863 (0.467)
	2.079 (0.158)
	4.140 (0.161)



	M73-R100
	0.037 (0.020)
	0.037 (0.020)
	1.508 (0.069)
	1.709 (0.185)



	M64-R0
	0.236 (0.035)
	6.663 (0.478)
	4.584 (0.246)
	7.214 (0.278)



	M64-R25
	0.206 (0.004)
	7.204 (0.512)
	4.060 (0.143)
	7.032 (0.711)



	M64-R50
	0.116 (0.007)
	8.370 (0.853)
	3.512 (0.289)
	5.847 (0.022)



	M64-R75
	0.108 (0.001)
	3.023 (0.284)
	2.238 (0.138)
	3.761 (0.179)



	M64-R100
	0.032 (0.009)
	0.048 (0.025)
	1.709 (0.185)
	2.000 (0.069)



	M55-R0
	0.165 (0.028)
	7.106 (0.402)
	4.751 (0.269)
	7.259 (0.238)



	M55-R25
	0.154 (0.005)
	6.487 (1.712)
	4.530 (0.335)
	7.266 (0.327)



	M55-R50
	0.106 (0.030)
	7.818 (0.117)
	4.514 (0.029)
	7.230 (0.006)



	M55-R75
	0.095 (0.011)
	2.878 (0.309)
	2.767 (0.212)
	3.917 (0.168)



	M55-R100
	0.025 (0.003)
	0.036 (0.003)
	2.225 (0.083)
	2.225 (0.083)










 





Table 6. The fitting parameters for each experimental group are as follows.
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	Mix IDs
	      a   1      
	      b   1      
	      a   2      
	      b   2      





	M73
	0.50
	−0.87
	0.28
	−0.87



	M64
	0.53
	0.18
	5.5
	1.9



	M55
	0.56
	−0.26
	3.9
	1.5










 





Table 7. Cost and carbon emission factors of raw materials (¥/kg).
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	Raw Materials
	Cost

(¥/kg)
	Carbon Emission Factor

(kg CO2-e/kg)
	References





	FA
	1.90
	0.009
	[48]



	GGBS
	2.40
	0.019
	[51]



	QS
	0.40
	0.010
	[52,53]



	NaOH
	20.0
	1.915
	[53]



	Waterglass
	3.0
	1.514
	[53]



	PE fiber
	400
	2.0
	[54]



	PP fiber
	13.5
	2.0
	[54]










 





Table 8. Environmental and economic indices.






Table 8. Environmental and economic indices.





	Mix IDs
	Cost
	CO2-e
	σcp/Cost

(MPa)
	σtu/Cost

(MPa)
	εtu/Cost

(%)
	σcp/CO2-e

(MPa)
	σtu/CO2-e

(MPa)
	εtu/CO2-e

(%)





	M73-R0
	1.00
	1.00
	74.1
	6.81
	6.43
	74.1
	6.81
	6.43



	M73-R25
	0.85
	1.00
	75.7
	7.78
	8.16
	64.1
	6.59
	6.91



	M73-R50
	0.69
	1.00
	88.7
	8.34
	13.91
	61.6
	5.79
	9.66



	M73-R75
	0.54
	1.00
	111.8
	7.65
	8.98
	60.5
	4.14
	4.86



	M73-R100
	0.39
	1.00
	148.0
	4.40
	0.10
	57.5
	1.71
	0.04



	M64-R0
	1.01
	1.02
	92.7
	7.15
	6.60
	91.3
	7.04
	6.50



	M64-R25
	0.86
	1.02
	105.2
	8.21
	8.41
	88.0
	6.86
	7.03



	M64-R50
	0.70
	1.02
	122.6
	8.32
	11.90
	84.2
	5.71
	8.17



	M64-R75
	0.55
	1.02
	149.7
	6.83
	5.49
	80.5
	3.67
	2.95



	M64-R100
	0.40
	1.02
	189.9
	5.03
	0.13
	73.7
	1.95
	0.05



	M55-R0
	1.02
	1.05
	116.2
	7.13
	6.98
	112.8
	6.92
	6.78



	M55-R25
	0.87
	1.05
	122.8
	8.40
	7.50
	101.3
	6.93
	6.19



	M55-R50
	0.71
	1.05
	145.8
	10.15
	10.98
	99.1
	6.89
	7.46



	M55-R75
	0.56
	1.05
	176.9
	7.01
	5.15
	94.4
	3.74
	2.75



	M55-R100
	0.41
	1.05
	222.5
	5.48
	0.10
	86.3
	2.13
	0.04
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file26.jpg
@

eracking strain (%

nii

04,

2

=

00!

b) - 6.

Ty (b)z e

A ws g
£

e for 73
e fr ot
ang e for S5

Replacement ratio R (%)

0 25 s 75 1w
Replacement ratio R (%)






media/file8.jpg
135r/min
blending for 1min
vl
| Water
\( =
75/min -
blending for 2min blending for Imin
Curing underwater Cast & 75r/min

for 27 days Ambient curing for 24h blending for 2min





media/file27.png
(a)

Initial cracking strain ¢, , (%)

0.4

0.3

0.2

0.1

0.0

E M73

® Mo4

A M55
= = = Fitting line for M73
= = = Fitting line for M64
= = = Fitting line for M55

Replacement ratio R (%)

~_~
=3

~—’
)

Initial cracking strength o, (MPa

6.0

.
)

-
h

&
=

[ 6i=4.63-3.01xR, R>=0.9

Oini=5-12-2.73%R, R*=0.85
~
~ A
Sa. ove -
8 N sgam,—4 .73-3.03xR, R*=0.97
[m]

5

2 ~.
= M73 é*n A
o Mo4 B Sa 0
A M55 ag

= = = Fitting line for M73
= = = Fitting line for M64
= = = Fitting line for M55

1 L 1

0 25 50
Replacement ratio R (%)






media/file34.jpg
1 COze (MPa) J )
@ T e @ v © — e
= ke = =

NRIo Netiioo NétRIco

LCOme s a,1COM IO 0 ICO (P  fa/COf (%) 0, /COpe (MPs)





media/file13.png
M73
M55

L Mo64

R25

R75 R100

RS0

RO

250

200 F

1
S
=)

e e
(wur) Kyrpiqemorq

I
=
u





media/file31.png
Ultimate tensile strength ¢,, (MPa)

L

=

o

N9

F

B M73 \‘::::\

® Mo4 NN

A M55 \\5\\‘\\
----- Fitting line for M73 “::‘%
----- Fitting line for M64 \‘t\
----- Fitting line for M55 \“s

Replacement ratio R (%)






media/file12.jpg





media/file18.jpg
(5a0) sumpous =iy
48 8 2 o .

g § & 8 8 °
0l e





media/file9.png
135r/min
blendmg for 1min

,. f-‘ ActlvatB) fWater

TSr/min 75r/min

blending for Zmin blending for 1min
Y W
<Pl

Curing underwater Cast & 75r/min
for 27 days Ambient curing for 24h blending for 2min





media/file14.jpg
Principal crack direction

" Failure iterface inclinaton






media/file35.png
o, | CO,-¢ (MPa)
140

()

M73-R0O
M73-R25
M73-R50
M73-R75
M73-R100

10
o,/ CO,-e (MPa)

10
&, | CO,-e (%)

o, | CO,-e (MPa)
140

b
( ) M64-R0O
Mo64-R25
M64-R50
Mo64-R75
M64-R100

10 10
g, / COe (%) 6, /CO,-¢ (MPa)

(c)

10
&, | CO,-e (%)

140

o, | CO,-¢ (MPa)

M55-R0O
M55-R25
M55-R50
M55-R75
M55-R100

10
o,/ CO,-e (MPa)





media/file20.jpg





media/file23.png
(a) 100

Crack width C, (pm)

75T

50

25

m M73
® Mo4d
A M55
= = = Fitting line for M73

C,=24.4+53.3xR, R*=0.96

= = = Fitting line for M64 A
= = = Fitting line for M55 A
--2

L 2 Ar © - - ’g
C,=24.2+39.7xR, R*=0.97 _~ .- E
Cd - - - -~ —D

— R - - ‘!‘ ]

- é : - E [m]
C,=20.5+28.7*R, R*=0.94

0 25 50 75

Replacement ratio R (%)

(b) 20

1.0

0.5

Crack density C; (mm™)

0.0

1.5}

B~ (C,=1.67-1.24xR, R?=0.99
~
L)
‘ o e -~ .
* [ARES

- -
‘ §‘~ §g~ ‘\
-
A L% -

o]
s

[m}
C,=1.45-1.08xR, R*=0.96
O

Sem

Rso ‘\ [l
n\ S
m M73 Ssetd
~ z_ N |
o Mo Ce128-0.95xR, R iy \i
A M55
A

= = = Fitting line for M73
= = = Fitting line for M64
= = = Fitting line for M55

0 25 50

Replacement ratio R (%)






media/file5.png
1000

“ “ “ “
“ “ “ “
“ “ “ “
“ “ “ “
R S | — — L]
“ “ “ :
“ “ “ _
. |
1 1 i 1
— S S — =
R o s @\

(o/,) 93ejuddaad sseyd

100

0.1

Particle size (um)





media/file15.png
(M73-R75 [ M64-R75 ] {M55R75

Principal crack direction

Failure interface inclination






media/file19.png
et
h
(—}

- Compressive strength - Compressive strength

I Compressive strength
oo Elastic modulus oo Elastic modulus 1

- Elastic modulus

[ ]
h

5
e

=
=

Compressive strength (MPa)
w o
=) S

- =N
= th =]
Elastic modulus (GPa)

1
th

\ % \ Q 5
Lo SR TC .
& Rt % w@} R e RO

O A\ % \ = b
ﬂ\bﬁﬂ” > wa’s'%g{br’"@ﬁ\%"'%% S

(,w?'“ % &
N\ wl&f’ &6’

5
Q&b





media/file28.jpg
]

2 0
és
K
s
e 25l
Nt § e
——iss of —awss
D [ T

Replacement ratio R (%)

Replacement ratio R (%)






media/file36.png





media/file2.jpg





media/file32.jpg
7 /Cost (MPa) ) wosem @y [Cost (MPa)

@ (©

— o

e ICost (%) ICost (MPa) G Cost MPY) £ 1Cost (%) o0 ICost (MPa)






nav.xhtml


  buildings-14-01094


  
    		
      buildings-14-01094
    


  




  





media/file11.png
(2)

Frame for
LVDTs ,

Dumbbell
specimen °

Flow mold

Flow table





media/file6.jpg
(2) -

100

Unit: mm

(b) |60 1311

85

=
40

N
80
=

40
5

85

o N





media/file24.jpg





media/file29.png
o

Ultimate tensile strain &, (%)~

10

—B— M73
—0— M64
—a— M55

0 25 50 75
Replacement ratio R (%)

100

Ultimate tensile strength o, (MPaY

[—
&

o 2]

—m—M73
—0— M64
—A— M55

0 25 50 75
Replacement ratio R (%)

100






media/file1.png
Preparation of H-EGC

Comprehensive Analysis of Mechanical,
Economic, and Environmental Characteristics

Economic and
Environmental
properties

Compressive Tensile
behavior behavior






media/file10.jpg
Dumbbell

| vore
Frame or VDT,

!






media/file7.png
(b)

100

|60\1§,|_|<_

330

Unit: mm

85

40

80

85





media/file33.png
o, /Cost (MPa) o, /Cost (MPa)

(a) 250 (b) 250 (c)

o, /Cost (MPa)

= M73-RO = M64-RO M55-RO

- MT73-R25 - Mo64-R25 M55-R25

= MT73-R50 = M64-R50 M55-R50

= MT3-R75 = M64-R75 M55-R75

= MT73-R100 = M64-R100 M55-R100
y ™~

15 15 15
&y /COSt (Y0) a,, /Cost (MPa) &y /COSt (%) a,, /Cost (MPa) &y /COSt (Y0) a,, /Cost (MPa)





media/file16.jpg





media/file3.png





media/file22.jpg
(a) 100,

Crackwidth C, (um)

A (b) 20
I3 X =
o oz s
b meivil TS H
Bt sl 2| £
{3 <
crurnpamasn A 2 10]
o i | g
< ] A MSS
” & g o 72 H
g e ek
P oo it
o0
0 P O F

Replacement ratio R (%)

Replacement ratio R (%)






media/file17.png
‘ M73-R0O M73-R25 M73-R50 M73-R75 M73-R100
120 120 120 120 120
‘< 90} 90} 90} 90} 90}
-
560 /‘L 60} 60} 60} A 60}
2 ) .
= 30 7 S| 301 — 30} or e 30}
0l : : - 0 . : . 0 : . . 0 : . . ol . : .
00 03 05 08 1000 03 05 08 1000 03 05 08 1000 03 05 08 1000 03 05 08 10
Strain (%) >
1 M64-R0 M64-R25 M64-R50 M64-R75 M64-R100
120 120 120 120 120
‘= 90} W 90} 4 90} 90} 90}
- / 7 ,
2. oob 60} / : 60| g 60} \ 6o}
: |/ an
= 30F 30} 30} 30} 30}
7 / | \ L\'. |
0 . : . 0= : . . = : : : 0 . : . 0 . : .
00 03 05 08 1000 03 05 08 1000 03 05 08 1000 03 05 08 1000 03 05 08 10
Strain (%) >
1 M55-R0 M55-R25 M55-R50 MS5-R75 M55-R100
120 A 120 120 120 120
4 7 A
‘< 90f 90| /, 90 / 90 7 90
o
% 60} 60} 60} 60} 60}
@ L ' y /
17 /] /
£ 30f ——— 30} 30} o / L 30}
N IR /
: : : 0 : . 0 : . . 0 . . . 0 : . .
00 03 05 08 1