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Abstract

:

The utilization of waste fly ash in road construction is primarily confined to its use in embankment filling or as a stabilizer when combined with lime and cement. Its application in structural pavement layers, such as the base and subbase, faces a challenge due to the high volume of fine particles, which renders it brittle when stabilized. In this study, fly ash was blended with stone dust and aggregated to enhance its gradation. Subsequently, it was stabilized with cement to bolster its strength, rendering it suitable for pavement use. Additionally, polypropylene (PP) fibers were introduced to mitigate the brittleness of the mixture. An extensive experimental investigation was conducted to assess the strength and stiffness properties, including compressive strength, indirect tensile strength, flexural strength, cyclic indirect tensile modulus, and flexural modulus of fiber-reinforced cement-stabilized mixtures of fly ash, stone dust, and aggregate. The experimental results reveal that the addition of PP fibers up to 0.25 wt.% enhances compressive strength, but any further increase in fiber content leads to a reduction in strength. However, indirect tensile strength and flexural strength show improvement, with an increase in fiber percentage up to 0.5 wt.%. It was observed that cement content plays a dominant role in stabilizing these materials. Appropriate relationships have been established between strength and modulus parameters for stabilized mixtures. Based on the strength and stiffness study, a combination of 70% fly ash and 30% stone dust aggregate with 6% cement can be considered for the base layer. Regarding the behavior of indirect tensile strength and flexural strength, an optimum fiber percentage of 0.35% is recommended.
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1. Introduction


The demand for electricity is growing day by day with the rapid growth in infrastructure in India. Thermal power plants are primarily fulfilling this demand but producing huge quantities of fly ash as byproducts during the burning of coal. As per the Central Electricity Authority [1] report published in August 2022, Indian thermal plants have generated 270.82 million tons of fly ash in the year 2021–2022, and around 95.95% have been used [1]. Still, a huge quantity of fly ash needs to be utilized to reduce pollution. The road sector is an area where this could be used in bulk quantity. Road construction also needs sustainable materials, as good quality natural aggregate is depleting rapidly.



In its essence, there are two primary categories of fly ash: Class C and Class F. In India, Class F fly ash is predominantly encountered. Class C fly ash, produced through the combustion of lignite coal, possesses inherent self-hardening properties due to its calcium oxide content exceeding 20%. On the other hand, Class F fly ash is derived from the incineration of anthracite coal, containing less than 10% calcium oxide, making it non-self-cementing. Therefore, it necessitates the addition of an activator such as cement, lime, gypsum, or other alkali activators (e.g., NaOH, KOH) to attain initial strength development. The pozzolanic characteristic of fly ash renders it a superb substance for applications like filling and embankment, especially in areas where subsidence is a concern, as well as for soil stabilization [2,3,4,5,6]. Due to the low strength and large concentration of fine particles, untreated fly ash is not suitable for use in the subbase/base layer of pavements. Few studies also highlight the inadequacy of stabilized fly ash as a subbase/base material due to its poor gradation and low strength [7,8]. This shortcoming can be eliminated by adding materials with coarser particles, such as stone dust generated from a stone quarry, and stabilizing the mix with lime or cement [9]. The addition of coarser particles would improve the gradation, whereas a stabilizer would improve the strength. Bakare et al. [10] and Pai et al. [11] have evaluated the performance of stabilized fly ash and a slag mixture and found them to be suitable for the subbase/base layer.



Usmen et al. [12] assessed Class C fly ash stabilized with lime and cement, observing that higher lime content increased the optimum moisture content (OMC) and decreased maximum dry density (MDD) during compaction. Cement-stabilized samples did not exhibit significant OMC-MDD changes. Ghosh and Subbarao [13] also observed a notable enhancement of the shear strength properties of a low lime Class F fly ash that had been modified with 4–10% lime with 0.5–1% gypsum. In short curing periods, cement content notably boosted strength, while elevated lime content reduced strength due to a slow pozzolanic reaction. Freeze–thaw cycles caused strength loss in both lime- and cement-stabilized samples, with cement-stabilized samples showing increased residual strength due to C-S-H gel formation. Generally, cement-stabilized samples outperformed lime-stabilized ones in terms of strength and durability.



However, a high-volume content of fine particles makes the stabilized fly ash a brittle material. Dimter et al. [14] also observed a drastic reduction in elastic modulus cement-stabilized fly ash mixtures. Hence, recently, research has been undertaken to include fibers to enhance the ductility of the mixture [15]. In the experiments, two distinct sizes of polyester fibers (6 mm and 20 mm) were employed alongside a consistent fiber content of 1% (based on dry weight). The study included compaction tests, triaxial shear tests, and various geotechnical characterization examinations conducted on both untreated and fiber-reinforced fly ashes. The findings revealed that the addition of fibers did not influence the optimum moisture content (OMC) and maximum dry density (MDD) of fly ash. Moreover, the addition of fibers results in the enhancement of the indirect tensile strength and flexural strength. A similar observation has also been reported by other researchers [15,16,17,18,19]. However, Kumar and Singh [16] reported that compressive strength increases up to a certain dosage of fiber, and any further addition of fiber results in a decrease in compressive strength. The enhancement in unconfined compressive strength was attributed to the frictional interaction between the fibers and the fly ash. The relationship between unconfined compressive strength and fiber content exhibited a linear pattern, while the influence of the aspect ratio followed a nonlinear trend, conforming to a second-degree polynomial curve.



Though compressive strength is considered one of the vital mechanical parameters, a study of indirect tensile strength and flexural strength of stabilized subbase and base is also of paramount importance, as the failure of a stabilized layer is largely governed by tensile stress, i.e., indirect tensile stress or flexural tensile stress [20,21,22,23,24]. Static indirect tensile stress and four-point flexural stress tests are conducted to determine the indirect tensile strength and flexural tensile strength.



Further, in recent decades, a mechanistic empirical design has been employed for the design of pavement. An elastic modulus and Poison’s ratio are the basic elastic parameters used in pavement design. As the pavement is subjected to cyclic loads, the stress–strain behavior and the elastic modulus under cyclic loads simulate the free conditions. Previous research has indicated that the strain gradient in a stabilized layer of pavement closely mirrors the strain gradient observed in flexure tests and indirect tensile tests [23]. However, there is a notable scarcity of studies on the modulus of fiber-reinforced cement-stabilized fly ash. Hence, in this study, an extensive laboratory investigation has been performed to evaluate the strength and stiffness of the fiber-reinforced cement-stabilized fly ash stone dust aggregate mixture as a sustainable material for base layer application in flexible pavement.




2. Materials and Methods


2.1. Materials


2.1.1. Fly Ash


Fly ash (see Figure 1) used in this study was collected from the Captive Thermal power Plant (CPP) of NALCO, located at Angul, Odisha, India. The chemical composition of the fly ash is presented in Table 1. It can be classified as Class F, as per ASTM C618 [25].




2.1.2. Cement


The cement (see Figure 1) used in this study conformed to Ordinary Portland Cement (OPC) grade 43, as per IS 8112 [26].




2.1.3. Stone Dust and Crushed Stone Aggregates


Stone dust is a fine dust particle generated during the crushing of an aggregate in a crusher plant. Both the stone dust and crushed stone aggregate (see Figure 1) were collected from a local stone-crushing plant located in Bhubaneswar, India.




2.1.4. Polypropylene Fiber (Randomly Oriented)


The polypropylene fiber (see Figure 1) was procured from XETEX Industries Pvt. Ltd., Mumbai of Cetex Brand, Mumbai, India. The detailed properties of the fiber are presented in Table 2.




2.1.5. Mix Proportioning


Fly ash was mixed with stone dust and aggregates to improve the gradation. The maximum particle size of fly ash, stone dust, and aggregates used in these studies are 1.18 mm, 4.75 mm, and 12.5 mm, respectively. Stone dust and aggregates are mixed in a 50–50 ratio, and this has been donated as SA. Various combinations of fly ash and SA, i.e., 80FA-20SA, 70FA-30SA, 60FA-40SA, and 50FA-50SA were tried to improve the gradation. The minimum percentage of fly ash used in the mixture was 80% in order to maximize the use of fly ash. The improvement of the gradation can be observed in the particle size distribution curve of mixtures shown in Figure 2. It can be seen in Figure 3 that the gravel and sand percentages increased with an increase in SA percentages, whereas the silt percentage decreased with an increase in SA percentages.





2.2. Experimental Programme


2.2.1. Sample Preparation


FA and SA were oven-dried and mixed in the above-mentioned percentages to obtain the desired mix. To each mix (mixture), cement was added in three percentages by mass, i.e., 4%, 6%, and 8%, and PP fiber was added in three percentages by mass, i.e., 0.25%, 0.35%, and 0.5%. The mixing was performed manually using a trowel, ensuring the production of a consistent mix. Particular attention was given to achieving uniform fiber distribution within the mix and preventing the formation of any lumps. Subsequently, the Modified Proctor test, as per ASTM D 1557 [27], was conducted on each mix type to determine the maximum dry density (MDD) and optimum moisture content (OMC).



Three different types of test specimens were prepared for each mix, i.e., cylindrical (100 mm in diameter and 115 mm height), cylindrical (100 mm in diameter and 63 mm height), and prismatic beam specimen (75 mm × 75 mm × 285 mm). The test specimens were kept inside the respective molds for 2 h before demolding to avoid breaking. The specimens after demolding were wrapped in polythene and cured for 7 days and 28 days.




2.2.2. Unconfined Compressive Strength Test (UCS)


A UCS test was conducted on the cylindrical specimen 100 mm in diameter and 115 mm in height, as per ASTM D1633 [28]. A minimum of three samples were tested for each mix type.




2.2.3. Indirect Tensile Test (IDT)


A monotonic IDT was conducted to determine indirect tensile strength (ITS), and a cyclic IDT was conducted to determine the cyclic IDT modulus/resilient modulus (IDTM). The tests were conducted as per the method suggested by Yeo [29]. The ITS and IDTS values were determined using Equations (1) and (2), respectively. Figure 4 shows the cyclic IDT test setup.


  I T S =   2 × P   π × D × t    



(1)




where



P = the ultimate load applied to the specimen to cause failure in monotonic loading;



D = the diameter of the specimen;



t = the thickness of the specimen.


  I D T M =   P   υ + 0.27     H h    



(2)




where



P = peak load during cyclic loading;



ν = Poisson’s ratio (assumed to be 0.2);



H = horizontal displacement of the specimen after application of the load;



h = the height of the specimen.
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Figure 4. (a) Servo hydraulic cyclic test equipment: (b) cyclic indirect tensile test arrangement. 
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2.2.4. Flexure Test


In this study, flexure tests were conducted at a constant stress of 690 kPa/min, following the procedure laid down in ASTM D1635 [30]. Similar to the IDT test, the flexure test was conducted in two phases, i.e., phase 1: monotonic flexure test for determining flexural strength (FS) or the modulus of rupture (MOR) and phase 2: cyclic flexure test for determining the flexural modulus (FM) at varying stress ratios of 0.3, 0.5, 0.7, and 0.9. The FS and FM were calculated using Equations (3) and (4), respectively. Figure 5 shows the cyclic flexure test setup.


  F S =   F l   b  d 2     



(3)




where



F = the ultimate load applied to the specimen to cause failure in monotonic flexure loading;



l = the distance between two supports during the flexure test;



b = the width of the beam specimen;



d = the depth of the beam specimen.


  F M =   23 F  l 3    108 b  d 3  Δ    



(4)




where



F = the peak load applied during the cyclic flexure test;



∆ = the maximum mid-span deflection during the cyclic flexure test.
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Figure 5. Cyclic flexure test: (a) test arrangement; (b) failure of the beam sample. 
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3. Results


The strength and stiffness of the fiber-reinforced cement-stabilized fly ash aggregate mixture have been presented in this section. The effect of fiber on various strength and stiffness properties has also been described in each subsection.



3.1. Compressive Strength


It can be observed in Figure 6 and Figure 7 that both 7-day and 28-day UCS values increased with an increase in SA percentage, which may be attributed to the improvement in gradation due to the addition of SA to FA. It can also be seen in Figure 6 that the UCS values increased with an increase in cement percentages and curing days for all mixture types. As per IRC SP 89 [31], cement-stabilized materials with minimum 7-day UCS values of 4.5 MPa are suitable for base layer application. Hence, 50FA-50SA and 60FA-40SA mixtures with 8% cement stabilization fulfill the criteria. Whereas IRC SP 89 [31] also suggests that for lime fly ash- or lime cement fly ash-bound materials, if a minimum UCS of 4.5 MPa is achieved in 28 days, it can be considered suitable for base later application. In this context, mixtures such as 50FA-50SA, 60FA-40SA, and 70FA-30SA with 6% cement can also be used in the base layer.



3.1.1. Effect of Fiber on the UCS Value


To study the effect of fiber, two mixtures, i.e., 60FA-40SA and 70FA-30SA, were chosen and mixed with three dosages of fiber (0.25%, 0.35%, and 0.5% by mass of mixture). The UCS values of the fiber-reinforced 70FA-30SA and 60FA-40SA mixtures are presented in Figure 8. The UCS data in Figure 8 show that the inclusion of fiber increases the UCS up to 0.25%, and beyond that it decreases. With this optimum fiber content (i.e., 0.25%), fiber-reinforced fly ash attained a UCS of 4.25 MPa, 7.1 MPa, and 8.76 MPa for 4, 6, and 8% cement, which is 1.01-, 1.08-, and 1.13-fold higher than the stabilized fly ash with 4% cement without fiber. The enhancement of the strength of the FA-SA mixtures may be attributed to the mobilization of the tensile strength of randomly distributed fibers due to interparticle friction between fibers and surrounding FA-SA mixtures. The decrease in the UCS value beyond 0.25% fiber dosage may be attributed to the development of numerous slip surfaces in the mixture matrix. Kumar and Singh [16] also observed an optimum fiber dosage of 0.3% with respect to the UCS of fiber-reinforced fly ash.



A linear correlation is established between 7-day and 28-day UCS of the FA-SA mixture with or without fiber and presented in Figure 9. The coefficient of linear relation (R2) of samples without fiber is 0.96, whereas the R2 is 0.86 in the case of fiber addition. The scattered data in the case of the UCS plot with fiber are due to the alteration of strength behavior with the addition of fiber.




3.1.2. Effect of Fiber on the Stress–Strain Relationship


The stress–strain curve of the cement (6%)-stabilized 70FA-30SA mixture with and without fiber is presented in Figure 10, which shows that in the absence of fiber (0%), the mixtures failed suddenly, demonstrating brittle behavior. However, the inclusion of fiber imparted ductility to the samples, and they did not fail suddenly. The observed stress–strain behavior of stabilized fly ash is in good agreement with the stabilized soil/sand/fine-grained materials [32,33,34]. But the inclusion of fiber may increase or decrease the failure stress. The brittle failure of the stabilized samples without fiber was due to the development of a shear surface. Fiber-reinforced samples failed due to a combination of shear and bulging. This failure was attributed to the internal confinement of the mixture of materials caused by the randomly oriented fibers.




3.1.3. Indirect Tensile Strength (ITS)


The ITS values of the two mixtures, i.e., 60FA-40SA and 70FA-30SA, at various cement and fiber percentages are presented in Figure 11. It can be observed in Figure 11 that the addition of fiber has a notable effect on the tensile strength of blended fly ash at different cement content. The ITS increases with an increase in fiber content, which is also consistent with the studies by Tang et al. [35] and Festugato [36]. The increase in the ITS is about 65% when the percentage of stone aggregate increases from 30 to 40 at 4% cement. However, the increase is only 14% for 6% cement. The beneficial effect of fiber reinforcement on tensile strength can be attributed to the interfacial mechanical interactions between fibers and the fly ash matrix. The increase in tensile strength with increases in fiber content can, therefore, be explained by the increased number of fibers per unit volume and the corresponding total contact area between the fibers and the fly ash matrix.



The bonding strength and friction between fibers and fly ash particles were the dominant factors controlling the reinforcement benefit. The strength factor, which is expressed as the ratio between strength at x% fiber and strength at 0% fiber, increases with an increase in fiber content for the ITS. The strength factor for both the mixtures, i.e., 60FA-40SA and 70FA-30SA, for the UCS and ITS are presented in Figure 12, which shows that the strength factor increases up to 0.25% fiber content and then decreases with further addition in the case of the UCS. This indicates that the addition of fiber increases the tensile strength of stabilized fly ash blended with stone aggregates. When the particles are subjected to tensile strain, tensile stress is mobilized in the fiber due to the bonding and inter-particle friction between the cemented matrix and the fibers. As fiber has a remarkable tensile strength, it results in a positive effect on the ITS due to the addition of fiber.




3.1.4. Correlation between the ITS and UCS


A linear relationship is observed between the ITS and UCS of the stabilized fly ash mixtures (60FA-40SA and 70FA-30SA) and is presented in Figure 13. The R2 value of the correlation was found to be 0.81The correlation indicates that the ITS increases with increasing the UCS in the treated fly ash stone dust mixture.





3.2. Flexural Strength (FS)


The FS values of the two mixtures, i.e., 60FA-40SA and 70FA-30SA, at various cement and fiber percentages, are presented in Figure 14. It can be observed in Figure 14 that the flexural strength increases with an increase in cement content from 0% to 0.5% of fiber content. The flexural strength increased by 78–100% by increasing cement content from 4% to 6% with or without fibers.



3.2.1. Effect of Fiber on Flexural Strength


Unlike the behavior of the mixture under compression, the flexural strength of the mixtures, i.e., FA60-SA40 and 70FA-30SA, increased with an increase in fiber quantity (see Figure 15). The flexural strength of FA60-SA40-C4 increases by 50% when the fiber content is raised from 0% to 0.25%. The increase in FS may be due to the development of a friction mechanism between the fly ash and the fibers, depending on the cement content, preventing microcracking. When the particles experience tensile strain during flexure, tensile stress is generated in the fibers due to the bonding and interparticle friction between the cemented matrix and the fibers. Since the fibers possess notable tensile strength, their inclusion yields a positive impact on flexural strength.




3.2.2. Relationship between FS, UCS, and ITS (7 Days or 28 Days)


FS was correlated with the ITS (28 days) and UCS (28 days) values for 60FA-40SA and 70FA-30SA and presented in Figure 16. A linear correlation was found with R2 0.88 between FS and ITS. Similarly, a linear correlation with R2 = 0.57 was established between FS and UCS.





3.3. Cyclic Indirect Tensile Modulus/Resilient Modulus (IDTM)


Figure 17 presents the indirect tensile modulus (IDTM) FA-SA mixture at various cement, fiber, and stress ratios. The cyclic IDT modulus increases with the stress ratio. This is inconsistent with Wen et al. [24] and Biswal et al. [23]. The modulus increases with an increase in cement content· The presence of a stone aggregate also has an effect in increasing the IDT modulus. The IDT modulus value is found to be higher than the beam modulus, which is consistent with Yeo [29].



Effect of Fiber on IDTM


To study the effect of fiber on the IDTM value, a graph was plotted between the IDTM modulus and fiber dosage in percentages, as shown in Figure 18. The IDTM value used in the graph was obtained at an SR value of 0.3 and based on [29]. In Figure 18, a remarkable enhancement of the modulus can be observed up to 0.35% fiber content, and any further addition of fibers has less effect on the modulus. This may be attributed to the development of a greater number of slip surfaces in the mixture matrix. Considering 0.35% as the optimum dosage, a cyclic IDT modulus of 1300 MPa can be used for the mechanistic design of pavement.





3.4. Flexural Modulus


Figure 19 presents the flexural modulus of 60FA-40SA and 70FA-30SA mixtures at 4% and 6% cement dosage. It can be observed in Figure 19 that flexural modulus increases with an increase in the stress ratio, which is also consistent with the studies by Wen et al. [23], Biswal et al. [24], Yeo et al. [29], and Mandal et al. [37]. The flexural modulus of mixtures varies between 538 MPa and 965 MPa. The flexural modulus of 60FA-40SA mixtures is found to be more than 70FA-30SA at a particular cement dosage.



3.4.1. Effect of Fiber on Flexural Modulus


To study the effect of fiber on the FM value, a graph was plotted between the FM modulus and fiber dosage in percentages, as shown in Figure 20. It was observed that FM increased with the addition of fiber up to 0.35%, and further addition of fiber has a minimal effect on FM. However, the FM value increased with an increase in cement content, and an FM value of FA60-SA40 was found to be more than FA70-SA30 for the same cement dosage.




3.4.2. Relationship between Flexural Modulus and Flexural Strength


A power relationship with R2 = 0.78 has been established (shown in Figure 21) between the FM and FS of the 60FA-40SA and 70FA-30SA mix. The data used are where the correlation includes all fiber dosages and cement content.






4. Summary and Conclusions


This study investigated the feasibility of using cement-stabilized fly ash for base layer applications. To enhance the gradation and strength of fly ash (FA), it was combined with stone dust and aggregate (SA). The FA-SA mixture was stabilized using varying cement dosages, and PP fiber was added in different quantities to mitigate brittleness. The primary focus of this study was on assessing the strength and stiffness properties of fiber-reinforced cement-stabilized FA-SA mixtures.



The key findings of the study are as follows. First, the addition of stone dust and aggregate not only improved the gradation of the FA-SA mixture but also increased its unconfined compressive strength (UCS). Moreover, the UCS exhibited a linear increase with higher cement content. The UCS showed an initial increase from 0% fibers to 0.25% fibers but decreased with further fiber additions. The introduction of fiber-enhanced ductility prevented brittle failure, with an optimal fiber dosage of 0.25%. Additionally, we found that the 28-day UCS was significantly higher than the 7-day UCS, indicating a slow strength gain nature. Therefore, we recommend considering the 28-day UCS for assessing the suitability of stabilized bases or subbases.



Continuing with the findings, the 28-day UCS of mixtures comprising 70% FA and 30% SA and 60% FA and 40% SA, both with 6% cement, exceeded 4.50 MPa. This meets the compressive strength criteria for base layers set out by IRC SP: 89 (2010). In contrast to compressive strength, indirect tensile strength consistently increased with higher fiber content, attributed to beneficial interfacial mechanical interactions between fibers and the fly ash matrix. A strong linear relationship was established between indirect tensile strength and unconfined compressive strength. The cyclic IDT modulus exhibited an increase with the stress ratio, surpassing the beam modulus. Furthermore, a remarkable enhancement of the modulus was observed up to 0.35% fiber content, beyond which additional fibers had a diminishing effect. This optimal dosage of 0.35% can be used for the mechanistic design of pavement. Lastly, a robust power relationship was established between flexural strength and fiber matrix interaction.



Based on a comprehensive experimental program conducted to characterize the fiber-reinforced cement-stabilized FA-SA mixture, it can be concluded that the material can be used in the base/subbase layer of the pavement. The usage of this material will not only promote sustainable construction practices but also reduce the cost of the project, as it uses fly ash in large quantities, which is chiefly available.




5. Limitation


As per IRC SP: 89 (2010), stabilized material needs to satisfy both the minimum UCS strength criteria and wet–dry durability criteria. In this paper, the data related to the durability study of the mixture were not presented, as they are out of the paper’s scope. All the durability-related findings will be published in another paper.




6. Future Scope of Study


The stabilized layer of a pavement predominantly fails due to fatigue, which occurs due to repeated loading and the development of cracks and other structural damage in the pavement material over time. Thus, the fatigue failure of the fiber-reinforced cement-stabilized aggregate and stone dust mixture can be analyzed by cyclic flexure or a cyclic indirect tensile test.



Further to this, the abrasion properties of the stabilized fly ash mixture can be studied in the future, as a pavement with high abrasion resistance is less prone to surface damage and rutting.
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Figure 1. Materials used in the present study. 
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Figure 2. Particle size distribution of fly ash and the SA mixture in different proportions. 
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Figure 3. Percentages of silt, sand, and gravel in fly ash and the SA mixture in different proportions. 
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Figure 6. Seven-day UCS values of various mixtures without fiber. 
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Figure 7. Twenty-eight-day UCS values of various mixtures without fiber. 
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Figure 8. The UCS of 60FA-40SA mixtures at different fiber %: (a) 70FA-30SA—7 days; (b) 70FA-30SA—28 days; (c) 60FA-40SA—7 days; (d) 60FA-40SA—28 days. 
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Figure 9. Correlation between 7-day and 28-day UCS mixtures: (a) without fiber; (b) with fiber. 
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Figure 10. Stress–strain behavior the 7-day cured unreinforced and fiber-reinforced 70FA-30SA mixtures stabilized with 6% cement. 
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Figure 11. The ITS of 60FA-40SA and 70FA-30SA at various cement and fiber percentages. 
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Figure 12. Strength factor of the 60FA-40SA and 70FA-30SA mixtures. 






Figure 12. Strength factor of the 60FA-40SA and 70FA-30SA mixtures.



[image: Jcs 07 00459 g012]







[image: Jcs 07 00459 g013] 





Figure 13. Correlation between the UCS and ITS of the 60FA-40SA and 70FA-30SA mixtures. 
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Figure 14. FS value of 60FA-40SA and 70FA-30SA at various cement and fiber percentages. 






Figure 14. FS value of 60FA-40SA and 70FA-30SA at various cement and fiber percentages.



[image: Jcs 07 00459 g014]







[image: Jcs 07 00459 g015] 





Figure 15. Effect of fiber content on the FS of 60FA-40SA and 70FA-30SA at different dosage cement percentages. 
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Figure 16. Relationship between strength parameters: (a) FS vs. ITS; (b) FS vs. UCS. 
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Figure 17. IDTM value of 70FA-30SA: (a) 60FA-40SA with 4% cement; (b) 60FA-40SA with 6% cement; (c) 70FA-30SA with 4% cement; (d) 70FA-30SA with 6% cement. 
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Figure 18. Effect of fiber on the IDTM of 60FA-40SA and 70FA-30SA mix at different dosage cement percentages. 
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Figure 19. FM value of 70FA-30SA: (a) 60FA-40SA with 4% cement, (b) 60FA-40SA with 6% cement, (c) 70FA-30SA with 4% cement, (d) 70FA-30SA with 6% cement. 
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Figure 20. Effect of fiber on the FM of the 60FA-40SA and 70FA-30SA mix at different dosage cement percentages. 
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Figure 21. FM vs. FS for the 60FA-40SA and 70FA-30SA mix. 
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Table 1. The chemical composition of fly ash used in this study.
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	Sl No.
	Chemical Components
	Percentage by Weight (%)





	1
	SiO2
	61.34



	2
	Al2O3
	29.54



	3
	Fe2O3
	4.89



	4
	CaO
	1.05



	5
	MgO
	0.56



	6
	Na2O
	0.1



	7
	K2O
	0.25



	8
	TiO2
	0.67



	9
	P2O5
	0.1



	10
	LOI (Loss on Ignition)
	1.1










 





Table 2. Properties of polypropylene fiber (randomly oriented).
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	Properties
	Value





	Material
	100% Virgin Polypropylene (PP)



	Length
	12.0 +/− 0.25 Mm



	Diameter
	24 Micron (Approx.)



	Aspect Ratio
	500 (Approx.)



	Melting Point
	162 °C



	Specific Gravity
	0.91



	Thermal/Electrical Conductivity
	Low



	Alkali Resistance
	100% Alkali Proof
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