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Abstract

:

The rapid growth of the world population and the rapid diversification of consumption habits due to technological advancements have increased waste production. An investigation of the effects of biomass products, such as waste vegetable oil and waste agricultural ash, on bitumen’s physical and chemical properties was conducted in this study. By recycling biomass products, this study aimed to improve the performance and stability of bituminous hot mixtures, optimize the number of additives, and create more economical designs. Using the Taguchi method, 0%, 2%, 4% by weight of waste vegetable oil and 0%, 3%, and 6% by weight of waste agricultural ash were added to 70/100 penetration pure bitumen with an orthogonal array of L9. For 10, 20, and 30 min, modified bitumen samples were prepared at 170 °C, 180 °C, and 190 °C with a constant mixing speed of 3000 RPM. The samples were tested for penetration, softening point, flash point, rolling thin film oven (RTFOT), FTIR, and Marshall Design stability and flow. Based on the obtained performance statistics, 95% confidence levels were assigned to the predictions. The stability and softening point values decreased as the oil content increased, while flash and penetration values increased. With increasing ash content, stability, flash, and softening point values increased, and penetration values decreased. Compared to oil and ash additives, mixing temperature and time had relatively little effect on the modification process. Overall, the optimum parameter levels were 4% for oil, 0% for ash, 170 °C for temperature, and 10 min for time.
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1. Introduction


Global population has increased from about 2.5 billion in 1950 to almost 7.9 billion in 2021, a three-fold increase since the middle of the twentieth century. Based on estimates by the United Nations, the global population could reach almost 11 billion by 2050 [1].



The production of energy from renewable energy sources has become increasingly widespread to meet the increasing energy demand caused by rapid population growth worldwide. It is apparent from the directives of the European Directive 2009/28/EC for all member states of the European Union to obtain energy from renewable sources that the use of renewable energy sources is rapidly gaining in popularity [2].



In conjunction with population growth, people’s mobility needs are increasing, and there is a growing demand for flexible, accessible, modern, and sustainable transportation solutions. Road transportation, which occupies a superior position among modern transportation systems, continues to improve its speed, comfort, safety, convenience, and demand. Road transportation relies heavily on flexible pavements. A common form of construction material is asphalt binders, which are widely used in flexible pavements. Almost 100% of asphalt binder sources rely on imports in Europe. The total amount of asphalt produced in Europe between 2008 and 2020 is approximately 276.9 million tons, as given in Figure 1.



With the rapid development of urbanization and the dramatic increase in traffic loads, volumes, and speeds, permanent deformations of flexible pavements have increased significantly [4,5]. Flexible pavements should have high stability and performance, a long service life, and low repair costs. A flexible pavement should meet these expectations by eliminating significant defects, such as permanent deformations, fatigue cracks, cracks formed at low temperatures, water stripping of aggregate from the asphalt pavement, rutting and low strength. Bituminous binder, one of the flexible pavement materials, is generally modified to achieve these changes. As a result, certain additives are added to the asphalt or asphalt binder mixture in particular proportions and under certain conditions to improve the performance. Various materials have been used to develop modified bituminous mixtures in recent years to improve the performance of hot bituminous mixtures.



Alternative modified binders must be explored to ensure asphalt’s sustainability in the future [6,7,8]. Most renewable resources in the bitumen modification process come in biomass products, including waste cooking oils and agricultural ashes.



In energy production, biomass is derived from renewable resources, such as organic waste, vegetable oil waste, agricultural harvest residues, and by-products of processing agricultural and forestry products. As an environmentally friendly energy source, this type of energy is considered one of the most important energy sources for the future [9].



The waste of agricultural ash is obtained by burning woody and herbaceous plants derived from biomass products. It is essential in terms of its utility in the growing production of renewable energy worldwide. Because of its favorable chemical and physical properties, it can be used as a raw material in the construction industry. Consequently, it is not disposed of in rubbish tips or landfills and does not pose a health or environmental threat [10]. Waste agricultural ash is primarily used as a binder component or a filler material, depending on its modifiable properties [11].



Waste vegetable oils are produced from frying vegetable oils used in the food industry. Human nutrition relies heavily on vegetable cooking oils. With the increase in oil consumption, the problem of waste frying oils, which are classified as hazardous waste, naturally arises. There can be severe environmental consequences when the collection, transportation, and disposal of these oils cannot be ensured through the methods stipulated by the regulations [12]. Approximately 15 million tons of waste vegetable oil are produced yearly, but only a tiny percentage is properly disposed of and recycled [13].



Scientists have, therefore, been investigating ways to convert waste vegetable oil into energy or a secondary raw material. Producing large quantities of vegetable oil waste is not environmentally friendly; therefore, finding sustainable ways to use it requires the creation of an advantageous process [14].



1.1. Purpose and Importance of the Study


This study aimed to investigate the physical and chemical properties of asphalt binders for flexible pavements by modifying asphalt binders with waste vegetable oil and agricultural ash products. Various amounts of additives were added to the mixture at different percentages by weight of bitumen, at different temperatures, and at different mixing times. The penetration, softening, flash points, stability and flow values, chemical structure, and mass loss values were studied. The optimum parameters and levels were determined according to results obtained with the Taguchi method. It was found that the modifications made positively impacted the performance of the asphalt binder. Increasing energy costs have drawn attention to the relationship between energy and the economy in general. Most of the world’s energy needs are met by fossil fuels globally. This has some implications for the relationship between energy, environment, and climate change [15]. Through the sustainable use of biomass in the field of energy, countries strengthen their socio-economic structure by taking part in the transition to low-carbon economies, contributing to the reduction of foreign dependence on total energy consumption, utilizing unused wastes to create added value, providing employment, finding innovative solutions at a local level to energy needs, and reducing energy imports to improve the foreign trade balance. In this study, waste vegetable oil and waste agricultural ash, both sustainable materials, were used to enhance the performance of bitumen in most flexible highway pavements worldwide.




1.2. Literature Studies on Modifications of Bituminous Binders with Waste Vegetable Oil, Waste Agricultural Ash, and Other Modifiers


Numerous studies have concerned the effects of waste agricultural ash on bitumen properties and its use as a filler material to improve physical properties without forming chemical bonds. Xue et al. [16] modified bitumen using two biomass ashes (rice husk ash and sawdust ash). They examined whether the modified bitumen possessed specific physical properties, including viscosity, penetrability, and wear resistance. Based on their findings, they concluded that the ash and bitumen did not react chemically but physically mixed together. As a result, rice husk ash modified bitumen’s physical properties closer to expected performance values, and, as a consequence, the modified bitumen improved its resistance to deterioration at high temperatures. According to the researchers, using rice husk ash and sawdust ash in the modification increased rutting resistance.



Similarly, Abo-Shanab et al. [17] used agricultural ashes consisting of waste corn cobs, rice husks, and sugarcane fibers at 3, 5, 7, and 10% by weight to improve the performance of modified bitumen. A penetration test and a softening point test were conducted to investigate the physical properties of the modified bitumen, and a rotational viscometer test was conducted to investigate its viscosity. Therefore, they observed a decrease in penetration value, an increase in softening point value, a decrease in permanent deformation value at high temperatures, and a decrease in thermal cracking at low temperatures. Additionally, rutting resistance was observed to increase. They concluded that modified bitumen’s performance values were superior to pure bitumen’s.



As a modifier, Arabani and Esmaaeli [18] added peanut shell ash at 5%, 10%, 15%, and 20% of the total bitumen weight. A variety of tests were performed on bitumen, including a high-temperature storage stability test, rotational viscosity (RV) test, dynamic shear rheometer (DSR) test, and bending beam rheometer (BBR) test. Additionally, indirect tensile stiffness modulus (ITSM), repeated load axial (RLA), and indirect tensile fatigue (ITF) tests were performed. The mixture remained stable during storage at high temperatures when peanut shell ash was added up to 10% by weight. As a result of adding peanut shell ash to the asphalt binder, they also observed an increase in softening point, viscosity and rutting resistance, a decrease in penetration value, ductility, fatigue resistance, and low temperature cracking resistance, as well as an increase in mechanical performance.



Using rice husk ash and wood saw ash as biomass filler materials, Abbasalizadeh and Hesami [19] investigated their impact on asphalt binder performance. As a result, they observed that the mixture containing 75% rice husk ash and 25% limestone had higher Marshall stability and lower moisture sensitivity than the mixture containing 100% limestone. Furthermore, they observed that the mix with 25% wood saw ash and 75% limestone had the highest tensile strength. Therefore, they concluded that using biomass ashes instead of filler material improved the performance of hot asphalt mixes while ensuring sustainability.



Fareed et al. [20] used three nano agricultural waste ash types to modify the asphalt binder and mixture. A mixture of rice husk ash, sugarcane bagasse ash, and wheat straw ash was mixed with asphalt binder at 2, 4 and 6% by weight and tested for storage stability, Fourier transform infrared spectroscopy, penetration, softening point, ductility, performance rating and frequency sweep. According to their results, asphalt binder and mixture samples modified with 6% nano rice husk ash, 6% nano sugarcane bagasse ash, and 4% nano wheat straw ash demonstrated better resistance to rutting with negligible adverse effects on fatigue resistance [20].



The effect of waste oils on bitumen properties has been investigated for a long time. Many studies have been conducted on using waste oils to improve the processability of bitumen to save energy and improve its performance at low temperatures.



As part of their study, Li et al. [21] investigated the changes in bitumen properties due to adding soybean oil to bitumen modified with 4% SBS. The study concluded that adding soybean oil to SBS-modified bitumen gave better results at low and high temperatures, resulting in a higher softening point value than SBS-modified bitumen alone. As a result, there was an improvement in rutting resistance and fatigue crack resistance of soybean oil-modified bitumen, as well as a reduction in the cost of SBS-modified asphalt when soybean oil was added.



Additionally, Dong et al. [22] examined the performance of a compound prepared by adding SBH bio-asphalt obtained from castor oil, crumb rubber, and SBS bitumen. Their investigation found that bitumen with 15% SBH showed improved aging resistance and performance at high and low temperatures. The study by Yan et al. [23] investigated the effectiveness of using waste oil in rejuvenating aged asphalt and modified asphalt. As a result of the study, they observed that waste oil can restore the properties of aged asphalt except for the viscoelastic ratio. As part of their study, Zahoor et al. [24] collected the latest information regarding asphalt rejuvenation using WCO. The study provided information on the correlations between plant production methods and laboratory studies for producing high-content rejuvenated RAP mixtures (reclaimed asphalt pavements). The researchers also examined WCO, its chemical composition, and changes in its chemical properties under various degradation conditions (e.g., virgin and used cooking oil). The researchers observed that adding WCO to the asphalt binder enhanced fatigue and thermal cracking properties, but at the cost of rutting resistance unless further polymeric modification was applied. In their study, Li et al. [25] examined the effects of varying amounts of waste cooking oil (WCO) and waste engine oil (WEO) on the rejuvenation of old asphalt and the on-road performance of a 7% composite regenerator with different RAP contents. The study revealed that adding a suitable waste oil dosage could enhance the material’s conventional properties. Furthermore, they found that adding waste oil, which supported the lightweight components of aged asphalt, could restore the essential performance of asphalt to its original state at different aging levels. In their investigation, they observed that adding waste oil did not cause other chemical reactions; however, excessive addition would cause a decrease in the viscosity of asphalt, so they recommended that the amount of waste oil be 1~4%. Using waste cooking oil (WCO) as a warm mix asphalt (WMA) additive, Li et al. [26] modified a warm mix asphalt binder (WEAB) to reduce viscosity and extend construction time in their study. A comparison was made between WCO-modified WEABs and pure WEABs in terms of their viscosity, phase separation, viscoelasticity, thermostability, and mechanical properties. Thus, they observed that WCO significantly reduced the viscosity of WEAB and prolonged the production time of pure WEAB. A study by Ahmed and Hossain [27] examined the performance and adverse effects of WCO as a rejuvenator. In this study, they examined the performance of WCO-based asphalt and the possibility of its use as a rejuvenating agent in HMA mixtures, primarily when using RAP in the mixtures. Even though WCO was reported to be promising for improving many binder properties (such as ductility and fatigue resistance), many studies also indicated that WCO might adversely affect other properties (such as rutting resistance). Their report stated that a more comprehensive understanding of the optimal dosage rate for different percentages of RAP and WCO was needed at a basic level. In their study, Eriskin et al. [28] demonstrated that waste vegetable oil could be used as a binder modifier.



Additionally, some studies utilized waste cooking oil and ash as biomass products. Rahman et al. [29] investigated the effect of adding waste cooking oil, tire rubber powder, and palm oil fuel ash to reduce the amount of bitumen in a mix where palm oil fuel ash was applied as an additive. Laboratory experiments were conducted to verify the modified binders’ physical and rheological properties per AASHTO and ASTM standards. Based on the results of this research, they observed that up to 15% of bitumen could be replaced, producing equal or better performance in terms of stability, flow, and rutting resistance.



In literature studies, additives were added to bitumen at different rates, keeping parameters, such as mixing speed, temperature, and time, constant. Therefore, using the Taguchi Method, this study investigated the effects of varying mixing temperatures, mixing times, and waste oil and ash ratios on bitumen performance.




1.3. Taguchi Method


Studies in which more than one parameter is used together, and many experiments performed to determine the optimum parameters have adverse effects regarding the correct use of time and economy. The Taguchi Experimental Design Method can help properly use time and economy, optimize experimental processes, and increase product quality. This experimental design method tries to eliminate or minimize the variability of parameters that make changes in products or processes [30]. The use of Taguchi methods has given birth to the Taguchi club with the idea that achieving high-quality products, low cost, and profitability is the primary goal [31]. The Taguchi method is a powerful tool for the design of a high-quality system. The Taguchi method continues to be used successfully in engineering problems [32,33,34,35,36,37]. It provides an efficient and systematic approach to optimizing designs regarding performance and quality. Taguchi method is carried out in three stages as shown in Figure 2: System Design, Parameter Design, and Tolerance Design [38].





2. Materials and Methods


In the study, to investigate the effect of waste vegetable oil and waste agricultural ash on the physical and chemical properties of bitumen, the properties of pure bitumen were determined by conventional methods in order to be compared with modified bitumen and presented in Table 1. The properties of the aggregate used in the mixture were determined. Then, waste vegetable oil (as shown in Figure 3a) and waste agricultural ash mixture consisting of pine branches, pine caps, poplar caps, and corn stalk ashes (as shown in Figure 3b) were added to the bitumen to obtain modified binders and mixed in a High Shear Mixer (as shown in Figure 3c) at different temperatures and times. The physical and mechanical properties of the modified bitumen were determined by penetration (as shown in Figure 3d), softening point (as shown in Figure 3e), flash point (as shown in Figure 3f), and RTFOT tests. FTIR analysis was also performed to determine the chemical and morphological properties of the modified binders. Mixture samples were prepared using the Marshall design method with pure and modified binders to determine modifiers’ effects on bitumen’s performance properties. Marshall stability and flow tests were performed on these mix specimens. The additives used for bitumen modification, mixing temperatures, and times are presented in Table 2, and all modifications were mixed at 3000 revolutions per minute (RPM).



2.1. Experiments on Modified Bitumen


Experiments applied to pure bitumen and modified bitumen are shown in the flow chart in Figure 4.



2.1.1. Penetration Test


The penetration test was performed according to TS EN 1426 standard. When the results of the modified bitumen in the first three experimental groups, where there was no waste vegetable oil additive and the amount of waste agricultural ash additive was increased by 0%-3%-6%, it was observed that the penetration value of the bitumen decreased as the percentage of ash added to the bitumen increased, as given in Figure 5. In the experimental groups 4-5-6, where the oil additive was 2%, and the ash additive was increased at the rates of 0%-3%-6%, it was observed that a 2% oil additive increased the penetration values by 160%-147%-132%, respectively, compared to the experimental group 1. In the experimental groups 7-8-9, where the oil additive was 4%, and the ash additive was increased by 0%-3%-6%, an oil additive of 4% increased the penetration values by 229%-2212%-1994%, respectively, compared to the experimental group 1.



Compared to the penetration values of pure bitumen, the penetration values of bitumen modified with oil and ash increased with increasing oil addition and decreased with increasing ash addition. Similarly, Eriskin et al. [28] concluded in their study that adding oil increased bitumen’s penetration value by up to 240%.



The post-RTFOT values were similar to the unaged bitumen; however, the penetration values decreased by approximately 35% in each experimental group compared to the pre-aging condition.




2.1.2. Softening Point Test


The softening point test was performed according to TS EN 1427 standard. With the results of the modified bitumen in the experimental groups 1-2-3, where there was no waste vegetable oil additive and the amount of waste agricultural ash additive was increased by 0%-3%-6%, it was observed that the softening point value of the bitumen increased as the percentage of ash added to the bitumen increased, as given in Figure 6. In the experimental groups 4-5-6, where the oil additive was 2%, and the ash additive was increased by 0%-3%-6%, it was observed that a 2% oil additive decreased the softening point values by 25%-18%-15%, respectively, compared to the experimental group 1. In the experimental groups 7-8-9, where the oil additive was 4%, and the ash additive was increased by 0%-3%-6%, it was observed that a 4% oil additive decreased the softening point values by 32%-26%-23%, respectively, compared to the experimental group 1.



Compared to the softening point values of pure bitumen, the softening point values of bitumen modified with oil and ash decreased with increasing oil addition and increased with increasing ash addition. Similarly, Gökalp et al. [12] concluded in their study that adding oil decreased the softening point value of bitumen. Similar results were obtained for the post-RTFOT values with the unaged bitumen; however, the softening point values increased by approximately 20% in each experimental group compared to the pre-aging condition.




2.1.3. Flash Point Test


At certain high temperatures, bituminous binders release volatile compounds. These volatiles cause a hazardous situation by catching fire. Due to this, it is important to determine at what temperature bitumen begins to flash based on their grade [43]. A Flash Point Test is one of the most important tests for determining the possible ignition and flash risk associated with bitumen at any stage of processing, laying, or manufacturing. Flash point test results are given in Figure 7.



The safe temperature conditions during bitumen processing were determined to be at least 220 °C according to Table 412-2 Physical Properties of Modified Bitumen of the Bituminous Mixtures Laboratory Studies of the General Directorate of Highways [44]. All the results obtained were within the safety limits.




2.1.4. Penetration Index (PI) Results


The results obtained from penetration and softening point tests should be used to find the Penetration Index (PI) using the formulas presented below to evaluate the temperature sensitivity of bitumen.


  A =     l o g   10   800 −   l o g   10     P   25       T   S P   − 25    



(1)






  P I =   20 − 500 A   1 + 50 A    



(2)







A P25 value in the formulation indicated bitumen penetration at 25 °C, while a TSP value indicated the softening point. A PI value less than −2 indicates high heat sensitivity, while a PI value greater than 2 indicates low heat sensitivity [45]. Penetration Index results are given in Figure 8.



Significant changes occurred in PI values when adding waste vegetable oil and agricultural ash mixture to B 70/100 pure bitumen. PI values were −3.092 when 2% waste vegetable oil was added to pure bitumen (experimental group 4) and −3.818 when 4% waste vegetable oil was added to pure bitumen (experimental group 7). It was concluded that the oil additive caused bitumen to be extremely sensitive to heat. The PI value was −0.030 when 3% waste agricultural ash mixture was added to pure bitumen (experimental group 2) and −0.128 when 6% waste agricultural ash mixture was added (experimental group 3). Consequently, the addition of ash did not significantly affect the heat sensitivity of the bitumen. Regarding temperature sensitivity, Experimental Group No. 2 was the most suitable experimental group, which was prepared by mixing the bituminous binder with no oil additives and 3% ash additives for 20 min at 180 °C.




2.1.5. RTFOT (Rolling Thin Film Oven) Test Results


With the addition of oil, ash, temperature, and time parameters to B 70/100 pure bitumen, some changes were observed in mass loss. The most significant mass loss was observed in experimental groups 2, 5, and 8, where 3% ash was added and where the oil ratio was constant, as given in Table 3. The lowest mass loss was observed in experimental group 1, where neither oil nor ashes were added. In addition, all mass losses were determined to be under 0.8%, the upper limit of the Highways Technical Specifications.




2.1.6. Marshall Stability Test Results


Dry aggregates were weighed and placed in aluminum containers, as shown in Figure 9, so they could be heated easily and poured into the mixing device according to the gradation specified in Table 4 and the weight set in Table 5. Three bitumen samples each for 4%, 4.5%, 4.5%, 5.0%, 5.0%, 5.5%, and 6.0% were prepared and Marshall tests were performed.



As a result of the measurements, weighing, and calculations, the optimum bitumen percentage of the mixture was determined to be 5.20%. The test results and calculated values according to the optimum bitumen percentage are presented in Table 6.



The highest stability value was obtained in the experimental group 3, where there was no oil additive, the ash additive was 6%, the mixing temperature was 190 °C, and the mixing time was 30 min. The lowest stability value was obtained in the experimental group 7, in which there was no ash additive, the highest percentage of oil additive was 4%, the mixing temperature was 190 °C, and the mixing duration was 20 min.




2.1.7. Flow Values According to Marshall Stability Test


Even though the flow values in Table 6 were within the specification limits, the maximum flow value was observed in experimental group 2, where the oil additive was 0%, the ash additive was 3%, the temperature was 180 °C, and the mixing time was 20 min. While the flow values were generally close to one another, the experimental groups with 3% ash additive and the same oil ratios displayed the highest flow values. As no sudden change in flow values was observed with oil or ash additives, this indicated that the behavior of the flexible top coating at the moment of fracture was not significantly altered.






3. Results and Discussion


3.1. Taguchi Method


3.1.1. Experiments before RTFOT


The experiment plan was prepared using the Taguchi method with an L9 orthogonal array. The estimations were performed with a 95% confidence level using the performance statistics from the calculated stresses. The parameters and levels used in Taguchi optimization are presented in Table 7. The L9 orthogonal array is given in Table 8.



The penetration, softening, and flash point values obtained from the experiments and S/N values calculated with the Taguchi Method according to the L9 orthogonal array are given in Table 9. Average S/N effects calculated to determine the optimum conditions after calculating S/N values are presented in Table 10.



The average S/N effects for penetration tests calculated with the performance statistics are presented in Table 10. The conditions and performance estimations that maximized the penetrations using the average S/N effects are shown in Table 11.



The optimum levels for penetration were found to be A3, B1, C1, and D1. Parameters with the highest effect on penetration were oil ratio, ash ratio, time, and temperature, respectively. It was impossible to conduct the experiment with the optimum values based on the experimental plan described in Table 8. Therefore, a sample was prepared according to the relevant parameter values (A3, B1, C1, D1) to verify the result. A 211.800 (0.1 mm) penetration value was obtained at the end of the verification experiment. The S/N value corresponding to this result was 46.519. This value should be between 46.196 and 47.152 at 95% confidence level (Table 11). Hence, the result was accurate at a 95% confidence level.



The ANOVA table for penetration tests calculated according to the Taguchi Method is presented in Table 12. The most effective parameter on the penetration was oil, with a rate of 93.238%. This was followed by ash at 5.848%, time at 0.251%, and temperature at 0.250%.



The optimum levels for the softening point were found to be A3, B1, C3, and D3, as seen in Figure 10. Parameters with the highest effect on softening point were oil ratio, ash ratio, time, and temperature, respectively. The flash point’s optimum levels were A1, B3, C3, and D2. The parameters with the highest effect on flash point were oil ratio, ash ratio, temperature, and time, respectively.



In Taguchi optimization, only one dependent variable (response) was considered, and the optimal levels for the penetration, softening point, and flash point were found based on the S/N ratios. However, in practice, as in our study, there were more dependent variables. The Taguchi method literature focused primarily on a single response scenario. Taguchi method could not be used directly to optimize the multi-response problems. However, the obtained data for each response using Taguchi designs could be analyzed by different approaches developed by various researchers. Jeyapaul et al. [46] presented a literature review on solving multi-response problems in the Taguchi method.



This study used the assignment of weights method to convert the multi-responses into a single response. The weights and multi-response performance indexes (MRPI) are presented in Table 13. The weights were determined as follows. For penetration and flash point (larger—the better characteristic), the individual responses (data) were divided by the total response values. In the case of the softening point (smaller—the better characteristic), a reverse normalization procedure was used.



Since MRPI was a weighted score, optimal levels were determined based on maximum MRPI values. The optimum levels for penetrations, softening, and flash points were found to be A3, B1, C1, and D1, as seen in Table 14. Parameters with the highest effect on multi-responses were oil ratio, ash ratio, temperature, and time, respectively.




3.1.2. Experiments after RTFOT and Marshall


The penetration and softening point values after RTFOT and Marshal stability values obtained from the experiments and S/N values calculated according to the L9 orthogonal array are presented in Table 15.



The optimum penetration levels after RTFOT were found to be A3, B1, C1, and D1. The optimum softening point levels after RTFOT were A3, B1, C3, and D3. The optimum Marshall stability levels were A1, B3, C2, and D3. These multiple responses were combined into a single statistic, MRPI, to obtain the optimum levels as a single response to the original problem. The weights and multi-response performance indexes (MRPI) of penetration and softening points after RTFOT and Marshall stability values are presented in Table 16. The optimum levels for all responses were found to be A3, B1, C1, and D1, as seen in Table 17. Parameters with the highest effect on multi-responses were oil ratio, ash ratio, temperature, and time, respectively.



As the optimum levels for penetration, softening, and flash point before RTFOT and penetration, softening point after RTFOT, and Marshall stability were the same as A3, B1, C1, and D1, the verification tests were conducted according to these optimum levels. A 145.300 (0.1 mm) penetration value was obtained at the end of the verification experiment. The S/N value corresponding to this result was 43.245. This value should be between 41.592 and 43.507 at 95% confidence level (Table 18). The S/N verification values for the softening point and Marshall stability were found between their confidence intervals. The verification results were accurate at a 95% confidence level.





3.2. FTIR (Fourier Transform Infrared Spectroscopy)


For Experiment No. 5, the FTIR analyses were performed on pure bitumen mixed at 170 °C for ten minutes at 3000 RPM in a High Share Mixer and bitumen mixed at 190 °C for ten minutes at 3000 RPM in a High Share Mixer, with 2% oil and 3% ash for ten minutes at 3000 RPM in the pre-RTFOT and post-RTFOT states. FTIR results are given in Figure 11, Figure 12 and Figure 13.



FTIR spectra in Figure 11, Figure 12 and Figure 13 and Table 19 were analyzed, and the peaks were found to be within a similar range of wave numbers and close to each other. Despite the addition of 2% oil and 3% ash additives to bitumen without additives and the aging of the bitumen, no significant changes were observed in the basic structure of the bitumen samples. The chemical structure of the bitumen sample was not altered by either the additives or the mixing temperature of 190 °C. As a result, waste cooking oil and waste agricultural ash were found to be suitable for use as modifiers without affecting the structure of the bitumen.





4. Conclusions


In this study, 0%, 2%, and 4% by weight of waste vegetable oil and 0%, 3%, and 6% by weight of waste agricultural ash were added to 70/100 penetration pure bitumen. In total, nine groups of samples were prepared from the modified bitumen at temperatures of 170 °C, 180 °C, and 190 °C and mixing speeds of 3000 RPM for 10, 20, and 30 min. Accordingly, the results obtained from the experiments and the evaluations derived from the Taguchi method optimization were described as follows.



The optimum levels that maximized the stability were A1, B3, C2, D3. In other words, Level 1 of oil content (0%), Level 3 of ash content (6%), Level 2 of temperature (180 °C), and Level 3 of time (30 min) gave the maximum stability value. It was observed that oil had the most significant adverse effect on stability, while temperature and time had less effect on stability.



The optimum levels that maximized the flash point were A1, B3, C3, and D2. In other words, Level 1 of oil ratio (0%), Level 3 of ash ratio (6%), Level 3 of temperature (190 °C), and Level 2 of time (20 min) yielded the maximum stability value.



The optimum levels that maximized the penetration value before and after RTFOT were A3, B1, C1, and D1. The penetration class obtained from optimum levels shifted by two grades and one grade before and after RTFOT compared to pure bitumen.



The optimum levels that minimized the softening point before and after RTFOT were A3, B1, C3, and D3. The optimum value of the softening point was found to be 33.22 °C before RTFOT and 42.34 °C after RTFOT.



In general, when the multi-responses were converted into one response, the optimum parameters were A3, B1, D1, and C1. In the verification tests, the penetration value was 145.300 (0.1 mm), the softening point value was 44.8 °C, and the Marshall stability value was 1097.55 N. All of these values were found to be within 95% accuracy.



According to these results, the effects of mixing temperature and mixing time in the modification process were relatively small compared to oil and ash additives. Moreover, in terms of Marshall stability, stability decreased as the oil content increased, and stability increased as the ash content increased. Based on the flash point values, the flash point value decreased with increasing oil content, while it increased with increasing ash content. Since the Marshall flow values were within the specification limits, no optimization was performed. According to the penetration values before and after RTFOT, the penetration value increased as the oil content increased, while the penetration value decreased as the ash content increased. In terms of softening point values before and after RTFOT, the softening point value decreased as oil content increased, whereas the softening point value increased as ash content increased. In analyzing the FTIR spectrum, it was observed that the peaks were in the same wave number ranges and were close to one another. In the experiment, neither the additives nor the highest mixing temperature of 190 °C affected the chemical structure of the bitumen sample. It was concluded that waste vegetable oil and waste agricultural ash could be used as modifiers without altering the bitumen’s structure.



Approximately 17 million tons of vegetable oil are consumed worldwide, and this amount is increasing by an average of 2% every year. 40% of the reasons for the city sewage system clogging are waste frying oils [47]. Waste oils pollute water resources and result in high costs for purification processes [48]. An average of 140 billion tons of biomass is produced annually in the world from agricultural products [49]. Using waste vegetable oil and waste agricultural ash will improve the physical properties of bitumen while contributing to the world economy by reducing treatment costs and preventing environmental pollution. In future studies, biomass products such as food waste, municipal solid waste, marine biomass, and animal manure can be investigated to improve bitumen performance and thus can make a significant contribution to the waste disposal process.
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Figure 1. Total production of asphalt in EU-27 and EU-27 plus Norway, Switzerland, Turkey, and Great Britain from 2008 to 2020 (in million tons) [3]. 
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Figure 2. Systematics of the Taguchi method. Adapted/Redrawn from Ref. [38]. 
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Figure 3. Experiment additives and equipment. 






Figure 3. Experiment additives and equipment.



[image: Coatings 13 01866 g003]







[image: Coatings 13 01866 g004] 





Figure 4. Flow chart of experiments applied to bitumen. 
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Figure 5. Penetration test results before and after RTFOT. 
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Figure 6. Softening point test results before and after RTFOT. 
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Figure 7. Flash point test results. 
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Figure 8. Penetration index. 
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Figure 9. Marshall samples and equipment. 






Figure 9. Marshall samples and equipment.



[image: Coatings 13 01866 g009]







[image: Coatings 13 01866 g010] 





Figure 10. Performance statistics of softening point for all levels. 
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Figure 11. Experiment No. 1 before RTFOT–FTIR. 
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Figure 12. Experiment No. 5 before RTFOT–FTIR. 
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Figure 13. Experiment No. 5 after RTFOT–FTIR. 
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Table 1. Test results of B 70/100 penetration pure bitumen.






Table 1. Test results of B 70/100 penetration pure bitumen.





	
Tests

	
Unit

	
B 70/100




	
Test Standards

	
Spec. Limits

	
Measured Value






	
Penetration Test Result

	
0.1 mm

	
TS EN 1426 [39]

	
70–100

	
74




	
Softening Point Test Result

	
°C

	
TS EN 1427 [40]

	
43–51

	
44




	
Flash Point Test Result

	
°C

	
TS EN ISO 2719 [41]

	
min 230

	
296




	
Specific Gravity Test Result

	
gr/cm3

	
TS EN 15326+A1 [42]

	
1.0–1.1

	
1.05











 





Table 2. Parameters and levels of modified bitumen.
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Parameter

	
Waste Vegetable Oil (%)

	
Waste Agricultural Ash (%)

	
Temperature (°C)

	
Mixing Time (min)




	
Level

	






	
1

	
0

	
0

	
170

	
10




	
2

	
0

	
3

	
180

	
20




	
3

	
0

	
6

	
190

	
30




	
4

	
2

	
0

	
180

	
30




	
5

	
2

	
3

	
190

	
10




	
6

	
2

	
6

	
170

	
20




	
7

	
4

	
0

	
190

	
20




	
8

	
4

	
3

	
170

	
30




	
9

	
4

	
6

	
180

	
10











 





Table 3. Mass losses of the experimental groups after the RTFOT experiment.
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Experiment Group No

	
Specification Limits

	
M1 (gr)

	
M2 (gr)

	
Mass Loss (gr)

	
Average Mass Loss (gr)






	
Experiment Group No:1

	
Max. 0.8

	
152.20

	
152.10

	
0.10

	
0.150




	
146.90

	
146.70

	
0.20




	
148.10

	
147.90

	
0.20




	
157.10

	
157.00

	
0.10




	
Experiment Group No:2

	
Max. 0.8

	
151.60

	
151.50

	
0.10

	
0.225




	
155.60

	
155.40

	
0.20




	
147.90

	
147.80

	
0.10




	
157.10

	
156.60

	
0.50




	
Experiment Group No:3

	
Max. 0.8

	
152.20

	
152.10

	
0.10

	
0.125




	
147.00

	
146.80

	
0.20




	
147.90

	
147.80

	
0.10




	
157.00

	
156.90

	
0.10




	
Experiment Group No:4

	
Max. 0.8

	
162.00

	
161.80

	
0.20

	
0.200




	
155.40

	
155.20

	
0.20




	
148.10

	
147.90

	
0.20




	
147.20

	
147.00

	
0.20




	
Experiment Group No:5

	
Max. 0.8

	
152.30

	
152.00

	
0.30

	
0.300




	
147.00

	
146.80

	
0.20




	
148.50

	
148.10

	
0.40




	
157.30

	
157.00

	
0.30




	
Experiment Group No:6

	
Max. 0.8

	
152.20

	
152.10

	
0.10

	
0.125




	
146.70

	
146.60

	
0.10




	
148.50

	
148.40

	
0.10




	
157.10

	
156.90

	
0.20




	
Experiment Group No:7

	
Max. 0.8

	
152.90

	
152.90

	
0.00

	
0.100




	
146.90

	
146.70

	
0.20




	
148.20

	
148.10

	
0.10




	
157.00

	
156.90

	
0.10




	
Experiment Group No:8

	
Max. 0.8

	
151.80

	
151.60

	
0.20

	
0.375




	
155.50

	
155.20

	
0.30




	
148.00

	
147.80

	
0.20




	
157.10

	
156.30

	
0.80




	
Experiment Group No:9

	
Max. 0.8

	
152.00

	
151.70

	
0.30

	
0.200




	
155.40

	
155.30

	
0.10




	
148.00

	
147.80

	
0.20




	
157.10

	
156.90

	
0.20











 





Table 4. Physical properties of the aggregate used in this study.
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	Tests
	Coarse Aggregate
	Fine Aggregate
	Filler





	Volume Specific Gravity (gr/cm3)
	2.68
	2.65
	2.49



	Apparent Specific Gravity (gr/cm3)
	2.7
	2.69
	2.71



	Absorption (%) (TS 3526)
	0.34
	0.59
	3.51










 





Table 5. Aggregate gradation used in this study.
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Sieve No

	
1. Group (%)

	
2. Group (%)

	
3. Group (%)

	
Mix Gradation (%)

	
Spec. Limits (%)




	
Inch

	
mm

	
0.22

	
0.41

	
0.37






	
1

	
25

	
100

	
100

	
100

	
100

	
100

	
100




	
3/4

	
19

	
100

	
100

	
100

	
100

	
100

	
100




	
1/2

	
12.5

	
44.6

	
100

	
100

	
87.8

	
83

	
100




	
3/8

	
9.5

	
2.6

	
91.3

	
100

	
75

	
70

	
90




	
No 4

	
4.75

	
1.3

	
29.5

	
100

	
49.4

	
40

	
55




	
No10

	
2

	
1.2

	
4.8

	
72.3

	
29

	
25

	
38




	
No 40

	
0.42

	
1.1

	
2.4

	
27.5

	
11.4

	
10

	
20




	
No 80

	
0.18

	
1

	
2.2

	
17.9

	
7.7

	
6

	
15




	
No 200

	
0.075

	
0.8

	
1.8

	
11.9

	
5.3

	
4

	
10











 





Table 6. Test results for optimum bitumen percentage.
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Sample No

	
Bitumen Rate (%)

	
h₁ (mm)

	
h₂ (mm)

	
h₃ (mm)

	
havg (mm)

	
Wair

(gr)

	
Wwater (gr)

	
Wsat.

(gr)

	
V

(cm3)

	
Dp

(gr/cm3)

	
Dt (gr/cm3)

	
Vh

(%)

	
Vb

(%)

	
Va

(%)

	
Vma

(%)

	
Vfa

(%)

	
Flow (mm)

	
Stability (KN)

	
Cor. Factor

	
Cor. Stability (N)

	
MQ

(N/mm)






	
1A

	
5.20

	
65.3

	
65.7

	
64.6

	
65.20

	
1150.1

	
671.4

	
1151.8

	
480.4

	
2.394

	

	

	

	

	

	

	
2.39

	
14.189

	
0.957

	
1357.9

	
569.0




	
1B

	
5.20

	
67.8

	
67.6

	
67.4

	
67.60

	
1193.6

	
693.2

	
1195.2

	
502.0

	
2.378

	

	

	

	

	

	

	
2.53

	
12.309

	
0.904

	
1112.8

	
439.7




	
1C

	
5.20

	
66.8

	
66.9

	
67.0

	
66.90

	
1203.5

	
700.2

	
1204.9

	
504.7

	
2.385

	

	

	

	

	

	

	
2.66

	
14.156

	
0.920

	
1302.4

	
489.1




	
Average

	
2.385

	
2.486

	
4.045

	
11.223

	
84.73

	
15.268

	
73.506

	
2.53

	
13.567

	
0.927

	
1257.7

	
497.8




	
2A

	
5.20

	
67.5

	
67.6

	
67.6

	
67.57

	
1178.2

	
685.4

	
1180.3

	
494.9

	
2.381

	

	

	

	

	

	

	
3.92

	
14.826

	
0.906

	
1343.0

	
342.6




	
2B

	
5.20

	
64.7

	
64.6

	
64.5

	
64.60

	
1183.2

	
689.2

	
1184.9

	
495.7

	
2.387

	

	

	

	

	

	

	
3.89

	
14.662

	
0.972

	
1425.2

	
366.4




	
2C

	
5.20

	
67.9

	
68.1

	
68.0

	
68.00

	
1191.5

	
693.7

	
1193.4

	
499.7

	
2.384

	

	

	

	

	

	

	
3.98

	
12.906

	
0.894

	
1153.8

	
289.9




	
Average

	
2.384

	
2.486

	
4.102

	
11.216

	
84.68

	
15.319

	
73.219

	
3.93

	
14.130

	
0.960

	
1307.3

	
332.7




	
3A

	
5.20

	
66.1

	
67.5

	
67.8

	
67.13

	
1199.2

	
697.5

	
1201.5

	
504.0

	
2.379

	

	

	

	

	

	

	
2.84

	
13.931

	
0.914

	
1273.4

	
448.6




	
3B

	
5.20

	
68.0

	
67.7

	
68.1

	
67.93

	
1200.4

	
698.1

	
1202.8

	
504.7

	
2.378

	

	

	

	

	

	

	
3.35

	
14.923

	
0.896

	
1337.2

	
399.5




	
3C

	
5.20

	
67.5

	
67.7

	
67.9

	
67.70

	
1201.9

	
701.3

	
1203.7

	
502.4

	
2.392

	

	

	

	

	

	

	
4.01

	
15.198

	
0.901

	
1369.3

	
341.8




	
Average

	
2.383

	
2.486

	
4.128

	
11.213

	
84.66

	
15.341

	
73.092

	
3.40

	
14.685

	
0.951

	
1326.7

	
390.5




	
4A

	
5.20

	
67.3

	
67.0

	
67.3

	
67.20

	
1193

	
694.7

	
1195.4

	
500.7

	
2.383

	

	

	

	

	

	

	
2.39

	
12.600

	
0.913

	
1154.0

	
483.6




	
4B

	
5.20

	
67.8

	
68.3

	
67.7

	
67.93

	
1188.2

	
691.7

	
1190.2

	
498.5

	
2.384

	

	

	

	

	

	

	
2.53

	
12.360

	
0.896

	
1107.5

	
437.6




	
4C

	
5.20

	
67.7

	
67.3

	
67.4

	
67.47

	
1194.4

	
697.0

	
1196.7

	
499.7

	
2.390

	

	

	

	

	

	

	
2.66

	
12.850

	
0.907

	
1165.0

	
437.5




	
Average

	
2.385

	
2.486

	
4.043

	
11.223

	
84.73

	
15.266

	
73.515

	
2.53

	
11.955

	
0.955

	
1142.2

	
452.1




	
5A

	
5.20

	
66.3

	
65.9

	
66.1

	
66.10

	
1198.2

	
697.5

	
1200.6

	
503.1

	
2.382

	

	

	

	

	

	

	
3.83

	
13.000

	
0.938

	
1214.0

	
316.9




	
5B

	
5.20

	
67.3

	
67.8

	
67.5

	
67.53

	
1194.3

	
694.6

	
1195.9

	
501.3

	
2.382

	

	

	

	

	

	

	
2.75

	
11.800

	
0.905

	
1068.4

	
388.4




	
5C

	
5.20

	
66.1

	
66.4

	
66.5

	
66.33

	
1179.6

	
685.9

	
1181.3

	
495.4

	
2.381

	

	

	

	

	

	

	
1.95

	
12.970

	
0.933

	
1210.6

	
621.9




	
Average

	
2.382

	
2.486

	
4.195

	
11.205

	
84.60

	
15.400

	
72.761

	
2.84

	
12.025

	
0.968

	
1164.3

	
409.6




	
6A

	
5.20

	
67.4

	
67.5

	
67.1

	
67.33

	
1205.6

	
702.5

	
1207.3

	
504.8

	
2.388

	

	

	

	

	

	

	
3.42

	
13.108

	
0.910

	
1193.0

	
349.2




	
6B

	
5.20

	
66.6

	
66.5

	
66.6

	
66.57

	
1190.2

	
693.7

	
1192.1

	
498.4

	
2.388

	

	

	

	

	

	

	
2.96

	
12.474

	
0.906

	
1130.0

	
381.2




	
6C

	
5.20

	
67.3

	
67.4

	
67.6

	
67.43

	
1199.3

	
698.5

	
1201.4

	
502.9

	
2.385

	

	

	

	

	

	

	
1.46

	
13.401

	
0.907

	
1216.0

	
831.0




	
Average

	
2.387

	
2.486

	
3.981

	
11.230

	
84.79

	
15.212

	
73.828

	
2.61

	
12.995

	
0.908

	
1179.7

	
451.2




	
7A

	
5.20

	
66.6

	
67.0

	
67.1

	
66.90

	
1197.5

	
697.5

	
1199.4

	
501.9

	
2.386

	

	

	

	

	

	

	
2.10

	
11.880

	
0.920

	
1093.0

	
521.1




	
7B

	
5.20

	
66.5

	
66.3

	
66.7

	
66.50

	
1199.3

	
699.1

	
1201.4

	
502.3

	
2.388

	

	

	

	

	

	

	
2.36

	
11.047

	
0.930

	
1027.4

	
436.3




	
7C

	
5.20

	
66.7

	
66.8

	
66.4

	
66.63

	
1188.5

	
694.2

	
1190.4

	
496.2

	
2.395

	

	

	

	

	

	

	
2.02

	
11.190

	
0.926

	
1036.6

	
514.2




	
Average

	
2.390

	
2.486

	
3.878

	
11.242

	
84.88

	
15.121

	
74.351

	
2.16

	
11.370

	
0.925

	
1052.3

	
488.1




	
8A

	
5.20

	
66.6

	
66.5

	
66.4

	
66.50

	
1187.9

	
692.6

	
1189.8

	
497.2

	
2.389

	

	

	

	

	

	

	
2.75

	
11.797

	
0.930

	
1097.1

	
398.9




	
8B

	
5.20

	
66.4

	
66.0

	
66.3

	
66.23

	
1197.6

	
697.6

	
1199.4

	
501.8

	
2.387

	

	

	

	

	

	

	
1.95

	
12.970

	
0.935

	
1213.2

	
623.2




	
8C

	
5.20

	
66.5

	
66.9

	
66.7

	
66.70

	
1195.8

	
696.4

	
1197.3

	
500.9

	
2.387

	

	

	

	

	

	

	
3.42

	
12.007

	
0.925

	
1110.7

	
325.1




	
Average

	
2.388

	
2.486

	
3.954

	
11.234

	
84.81

	
15.188

	
73.964

	
2.70

	
12.257

	
0.930

	
1140.3

	
421.6




	
9A

	
5.20

	
63.1

	
63.5

	
63.4

	
63.33

	
1189.4

	
692.8

	
1190.7

	
497.9

	
2.389

	

	

	

	

	

	

	
2.96

	
11.375

	
1.005

	
1143.3

	
385.7




	
9B

	
5.20

	
65.9

	
66.2

	
66.1

	
66.07

	
1192.4

	
694.6

	
1194.3

	
499.7

	
2.386

	

	

	

	

	

	

	
1.46

	
12.153

	
0.939

	
1140.7

	
779.6




	
9C

	
5.20

	
66.2

	
66.5

	
66.9

	
66.53

	
1184.8

	
692.0

	
1186.9

	
494.9

	
2.394

	

	

	

	

	

	

	
2.10

	
12.421

	
0.929

	
1156.0

	
551.1




	

	
2.390

	
2.486

	
3.874

	
11.243

	
84.88

	
15.117

	
74.374

	
2.17

	
11.973

	
0.958

	
1146.7

	
527.2




	
Specification Limits

	

	

	
3–5

	

	

	
>14

	
65–75

	
2–4

	

	

	
>900

	











 





Table 7. Parameters and their levels.






Table 7. Parameters and their levels.





	
Parameters

	
Levels




	
1

	
2

	
3






	
(A) Waste Frying Oil (%)

	
0.00 (A1)

	
2.00 (A2)

	
4.00 (A3)




	
(B) Waste Agricultural Ash (%)

	
0.00 (B1)

	
3.00 (B2)

	
6.00 (B3)




	
(C) Temperature (°C)

	
170 (C1)

	
180 (C2)

	
190 (C3)




	
(D) Time (min)

	
10 (D1)

	
20 (D2)

	
30 (D3)











 





Table 8. L9 orthogonal array.






Table 8. L9 orthogonal array.





	Experiment No
	Waste Frying Oil (%)
	Waste Agricultural Ash (%)
	Temperature (°C)
	Time (min)





	1
	1
	1
	1
	1



	2
	1
	2
	2
	2



	3
	1
	3
	3
	3



	4
	2
	1
	2
	3



	5
	2
	2
	3
	1



	6
	2
	3
	1
	2



	7
	3
	1
	3
	2



	8
	3
	2
	1
	3



	9
	3
	3
	2
	1










 





Table 9. Penetration, softening point, and flash point results.






Table 9. Penetration, softening point, and flash point results.





	
Experiment No

	
Penetration

	
Softening Point

	
Flash Point




	
0.1 mm

	
S/N

	
°C

	
S/N

	
°C

	
S/N






	
1

	
87.300

	
38.819

	
48.500

	
−33.715

	
274.000

	
48.755




	
2

	
75.600

	
37.569

	
50.500

	
−34.066

	
286.000

	
49.127




	
3

	
63.400

	
36.039

	
52.000

	
−34.320

	
294.000

	
49.367




	
4

	
140.500

	
42.953

	
36.300

	
−31.198

	
254.000

	
48.097




	
5

	
128.400

	
42.171

	
39.500

	
−31.932

	
262.000

	
48.366




	
6

	
115.600

	
41.259

	
41.300

	
−32.319

	
268.000

	
48.563




	
7

	
200.500

	
46.042

	
32.800

	
−30.318

	
252.000

	
48.028




	
8

	
185.400

	
45.362

	
35.800

	
−31.078

	
255.000

	
48.131




	
9

	
169.600

	
44.588

	
37.400

	
−31.457

	
256.000

	
48.165











 





Table 10. Average S/N effects for penetration tests.






Table 10. Average S/N effects for penetration tests.





	
Average S/N Effects




	

	
Oil

	
Ash

	
Temperature

	
Time






	
1st Level

	
37.476

	
42.605

	
41.813

	
41.859




	
2nd Level

	
42.127

	
41.701

	
41.703

	
41.623




	
3rd Level

	
45.331

	
40.629

	
41.417

	
41.451











 





Table 11. Performance estimates for penetration tests.






Table 11. Performance estimates for penetration tests.










	Factors
	Level
	Contribution upon S/N





	Oil
	A3
	3.686



	Ash
	B1
	0.960



	Temperature
	C1
	0.169



	Time
	D1
	0.215



	Contribution of All Factors (S/N)
	
	5.029



	Average Performance Statistics (S/N)
	
	41.645



	Expected Value at Optimum Conditions (S/N)/(0.1 mm)
	
	46.674/215.625



	Verification Experiment Result (S/N)/(0.1 mm)
	
	46.519/211.800



	Confidence Interval (α = 95%) (S/N)
	
	46.196/47.152










 





Table 12. Taguchi ANOVA table for penetration tests.






Table 12. Taguchi ANOVA table for penetration tests.





	
Factors

	
DOF

	
Sums of Squares

	
Variance

	
F-Value

	
Pure Sum

	
Contribution %

	
p-Value

	
F-Distribution Value for 2; 18






	
Oil

	
2

	
280.787

	
140.394

	
2030.153

	
280.649

	
93.238

	
6 × 10−22

	
3.555




	
Ash

	
2

	
17.613

	
8.806

	
127.344

	
17.474

	
5.848

	
2 × 10−11

	
3.555




	
Temperature

	
2

	
0.752

	
0.376

	
5.434

	
0.613

	
0.250

	
1 × 10−2

	
3.555




	
Time

	
2

	
0.755

	
0.378

	
5.459

	
0.617

	
0.251

	
1 × 10−2

	
3.555




	
Error

	
18

	
1.245

	
0.069

	

	
0.413%

	

	




	
Total

	
26

	
301.151

	

	

	
100.000

	

	











 





Table 13. Weights and MRPI values of penetration, softening, and flash points before RTFOT.






Table 13. Weights and MRPI values of penetration, softening, and flash points before RTFOT.





	
Exp. No

	
Penetration

	
Softening Point

	
Flash Point

	
Multi Response Performance Index




	
S/N

	
Weight

	
S/N

	
Weight

	
S/N

	
Weight






	
1

	
38.819

	
0.104

	
−33.715

	
0.106

	
48.755

	
0.112

	
5.886




	
2

	
37.569

	
0.100

	
−34.066

	
0.105

	
49.127

	
0.113

	
5.715




	
3

	
36.039

	
0.096

	
−34.320

	
0.104

	
49.367

	
0.113

	
5.468




	
4

	
42.953

	
0.115

	
−31.198

	
0.115

	
48.097

	
0.110

	
6.642




	
5

	
42.171

	
0.113

	
−31.932

	
0.112

	
48.366

	
0.111

	
6.524




	
6

	
41.259

	
0.110

	
−32.319

	
0.111

	
48.563

	
0.111

	
6.364




	
7

	
46.042

	
0.123

	
−30.318

	
0.118

	
48.028

	
0.110

	
7.360




	
8

	
45.362

	
0.121

	
−31.078

	
0.115

	
48.131

	
0.110

	
7.217




	
9

	
44.588

	
0.119

	
−31.457

	
0.114

	
48.165

	
0.110

	
7.039











 





Table 14. Average S/N effects of MRPI values.






Table 14. Average S/N effects of MRPI values.





	
Average S/N Effects




	

	
Oil

	
Ash

	
Temperature

	
Time






	
1st Level

	
5.690

	
6.630

	
6.489

	
6.483




	
2nd Level

	
6.510

	
6.485

	
6.465

	
6.480




	
3rd Level

	
7.206

	
6.291

	
6.451

	
6.443











 





Table 15. Experiment results and S/N values.






Table 15. Experiment results and S/N values.





	
Experiment No

	
Penetration

	
Softening Point

	
Marshall Stability




	
0.1 mm

	
S/N

	
°C

	
S/N

	
N

	
S/N






	
1

	
56.750

	
35.077

	
58.200

	
−35.299

	
1257.667

	
61.991




	
2

	
49.140

	
33.826

	
61.000

	
−35.707

	
1307.333

	
62.327




	
3

	
41.210

	
32.295

	
62.500

	
−35.918

	
1326.667

	
62.455




	
4

	
91.330

	
39.211

	
43.560

	
−32.783

	
1142.180

	
61.154




	
5

	
83.460

	
38.428

	
47.400

	
−33.517

	
1164.333

	
61.321




	
6

	
75.140

	
37.516

	
49.560

	
−33.903

	
1179.667

	
61.435




	
7

	
130.330

	
42.300

	
39.360

	
−31.901

	
1052.330

	
60.443




	
8

	
120.510

	
41.620

	
42.960

	
−32.662

	
1140.334

	
61.140




	
9

	
110.240

	
40.846

	
44.880

	
−33.042

	
1146.673

	
61.188











 





Table 16. Weights and MRPI values of penetration, softening point after RTFOT, and Marshall stability.






Table 16. Weights and MRPI values of penetration, softening point after RTFOT, and Marshall stability.





	
Exp. No

	
Penetration

	
Softening Point

	
Marshall Stability

	
MRPI




	

	
S/N

	
Weight

	
S/N

	
Weight

	
S/N

	
Weight

	






	
1

	
35.077

	
0.103

	
−35.299

	
0.106

	
61.991

	
0.112

	
6.794




	
2

	
33.826

	
0.099

	
−35.707

	
0.105

	
62.327

	
0.113

	
6.617




	
3

	
32.295

	
0.095

	
−35.918

	
0.105

	
62.455

	
0.113

	
6.349




	
4

	
39.211

	
0.115

	
−32.783

	
0.115

	
61.154

	
0.110

	
7.508




	
5

	
38.428

	
0.113

	
−33.517

	
0.112

	
61.321

	
0.111

	
7.367




	
6

	
37.516

	
0.110

	
−33.903

	
0.111

	
61.435

	
0.111

	
7.189




	
7

	
42.300

	
0.124

	
−31.901

	
0.118

	
60.443

	
0.109

	
8.090




	
8

	
41.620

	
0.122

	
−32.662

	
0.115

	
61.140

	
0.110

	
8.076




	
9

	
40.846

	
0.120

	
−33.042

	
0.114

	
61.188

	
0.111

	
7.900











 





Table 17. Average S/N effects of MRPI values of penetration, softening point after RTFOT, and Marshall stability.






Table 17. Average S/N effects of MRPI values of penetration, softening point after RTFOT, and Marshall stability.





	
Average S/N Effects




	

	
Oil

	
Ash

	
Temperature

	
Time






	
1st Level

	
6.587

	
7.464

	
7.353

	
7.354




	
2nd Level

	
7.355

	
7.354

	
7.342

	
7.299




	
3rd Level

	
8.022

	
7.146

	
7.269

	
7.311











 





Table 18. Performance estimates and verification results.






Table 18. Performance estimates and verification results.





	

	
Penetration

	
Softening Point

	
Marshall Stability






	
Expected Values at MRPI Optimum Conditions

	
42.549

	
S/N

	
−32.535

	
S/N

	
60.625

	
S/N




	
134.112

	
0.1 mm

	
42.340

	
°C

	
1074.584

	
N




	
Verification Experiment Results

	
43.245

	
S/N

	
−33.023

	
S/N

	
60.809

	
S/N




	
145.300

	
0.1 mm

	
44.800

	
°C

	
1097.550

	
N




	
S/N Confidence Interval (α = 95%)

	
41.592

	
43.507

	
−33.409

	
−31.661

	
60.144

	
61.105











 





Table 19. Frequency ranges of samples according to FTIR spectrum.






Table 19. Frequency ranges of samples according to FTIR spectrum.





	
Compound Type

	
Bond

	
Wave Number

	
Experiment No. 1 before RTFOT

	
Experiment No. 5 before RTFOT

	
Experiment No. 5 after RTFOT






	
Alkanes

	
Methylene Group

	
Cyclohexane Ring

	
1055–1000 cm−1 1005–925 cm−1

	
952.73

	

	




	
Alkynes

	

	
C–C Stress

	
1350–1000 cm−1

	
1151.37

	

	




	
Alkanes

	
Methyl Group

	
C–H Bending

	
Symmetrical 1380–1370 cm−1

	
1378.95

	
1375.09

	
1377.02




	
Methyl Group

	
C–H Bending

	
Asymmetric 1470–1430 cm−1

	
1463.81

	
1454.16

	
1461.88




	
Methylene Group

	
C–H Stress

	
Symmetrical 2865–2845 cm−1

	
2852.41

	
2854.33

	
2850.47




	
Methylene Group

	
C–H Stress

	
Asymmetric 2935–2915 cm−1

	
2919.91

	
2921.83

	
2917.97




	

	
C–H Stress

	
2850–2970 cm−1

	

	
2954.62

	
2960.41
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