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Abstract: To understand the effects of filler-asphalt ratio on different properties of lignin and polyester fiber reinforced shape memory polyurethane (SMPU)/styrene butadiene styrene (SBS) composite modified asphalt mortar (PSAM), as well as to reveal the reinforcing and toughening mechanisms of lignin and polyester fibers on PSAM, SMPU, SBS and mineral powder were first utilized to prepare PSAM. Then the conventional, rheological and anti-cracking properties of lignin fiber reinforced PSAM (LFAM) and polyester fiber reinforced PSAM (PFAM) at different filler-asphalt ratios were characterized. Test results indicate that the shear strength, deformation resistance and viscosity are increased after adding 0.8wt% lignin fiber or polyester fiber and increasing the filler-asphalt ratio from 0.8 to 1.2. The optimal filler-asphalt ratio of 1.0 is proposed after comprehensive performance assessments of PSAM. Polyester fiber shows a better reinforcing effect than lignin fiber, but its improvement in the thermal stability of PSAM is not significant at high temperatures. Additionally, the complex modulus, storage modulus, loss modulus and rutting resistance factor of PSAM are improved after adding lignin fiber and polyester fiber, as well as show an increasing trend as the filler-asphalt ratio is raised, but the phase angle is gradually decreased. Further, the increase of elastic components in PSAM effectively enhances the anti-deformation ability of PSAM at high temperatures, and polyester fiber more obviously improves the high-temperature deformation resistance of PSAM than lignin fiber. Finally, the anti-cracking performance of PFAM and LFAM at low temperatures is reduced by 74.2% and 46.7%, respectively, as the filler-asphalt ratio is raised from 0.8 to 1.2. The low-temperature anti-cracking performance of LFAM is lower than that of PFAM at the same filler-asphalt ratio, even lower than that of PSA. Compared with lignin fiber, the anti-cracking performance and deformation resistance of PSAM at low temperature is more greatly enhanced by polyester fiber.
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1  Introduction

Recently, the demand for pavement construction is constantly increasing as road transportation is rapidly developing. Asphalt pavement is widely used on highways and urban roads because of its better skid resistance, smoother surface, lower noise, comfortable driving, easier maintenance, and convenient recycling [1]. There into, there is a significant impact of asphalt mortar on the pavement properties of asphalt pavement such as high-temperature rutting resistance, anti-cracking performance at low temperatures and water stability. Asphalt mortar is a kind of micro-dispersion system, in which the filler is the dispersed phase and distributed in the continuous phase of asphalt [2]. Asphalt mortar theory points out that asphalt mixture is the spatial network structure, and asphalt mortar has an obvious impact on the pavement performance of the asphalt mixture [3]. However, according to previous studies [4], the properties of asphalt mortar affected the deformation resistance, anti-cracking performance, anti-aging ability, fatigue resistance and water stability of asphalt mixture. Therefore, it is necessary to investigate the properties of asphalt mortar to improve the service performance and durability of asphalt pavement.

As is known to all, the modulus of mineral filler particles is larger than those of asphalt, and the particle size of the filler is small, while the specific surface area of the filler is large. The mineral filler particle has strong physical adsorption with asphalt, and even the chemical reaction between filler and asphalt also occurs. With the increase in filler content, the dispersion or aggregation state of filler affects asphalt mortar properties, and then affects asphalt mixture properties [5], so the researches on various properties of asphalt mortar have attracted much attention.

Nie et al. found that the design of asphalt mortar could coordinate the anti-cracking and rutting resistance of the asphalt mixture to improve its comprehensive pavement performance [5]. In addition, they proposed the critical values of technical indicators of asphalt mortar, which not only guaranteed the high-temperature stability to meet the technical requirements of asphalt mixture, but also raised its good deformation resistance ability. Zhao et al. investigated the effects of different fine aggregate sizes on the creep properties of asphalt mortar using numerical and test methods, as well as found that fine aggregate sizes in the range of 0.15–0.3 mm were important ones [6]. Ran et al. used oil sludge pyrolysis residue to substitute mineral powder to prepare asphalt mortar, as well as pointed out that silane coupling agent facilitated strong chemical and physical adsorptions between asphalt and filler, so which improved different properties of asphalt mortar [7]. Davoodi et al. utilized rubber powder and nano-silica to prepare asphalt mortar for reducing the creep stiffness of asphalt mortar, as well as reported rubber mortar and nano-silica showed great effects on the mechanical and service properties of semi-flexible pavement [8].

To further improve the anti-cracking performance at low temperatures, high-temperature stability and water stability of asphalt mortar, various fibers are frequently mixed into asphalt mortar to enhance the mechanical properties of asphalt mortar. The commonly used fibers are lignin fiber, mineral fiber and polymer fiber. The existing researches show that the added fibers in asphalt can effectively exert the reinforcement and adsorption effects on asphalt, as well as inhibit the expansion of microcrack and prolong the service life of asphalt mortar [9]. Some studies found that fiber played a certain role in reinforcing asphalt due to its surface properties and adsorption, improving the anti-rutting ability and anti-shear performance of asphalt pavement at high temperatures. Nevertheless, there was a decreasing effect on the viscosity after reaching a certain content of fiber [10].

Some studies also validated that the ductility of modified asphalt was reduced as the fiber content was raised, which lowered the cracking resistance at low temperatures of the asphalt mixture, and asphalt pavement crack was not reduced at low temperatures [11]. Gu et al. evaluated the effects of five filler-binder ratios, four fiber types, five fiber contents and three fiber lengths on the rheological performance of asphalt mortar [12]. They reported that basalt fiber greatly enhanced the rheological properties of asphalt mortar at high temperatures, and strengthened stress dissipation. Slebi-Acevedo et al. investigated the reinforcing effects of polyacrylonitrile fiber and polyolefin-aramid fiber on asphalt mortar using indirect tensile tests, and found the fibers had significant improvement in mechanical strength [13]. Qian et al. examined the reinforcing effects of various fibers on asphalt mortar and reported that the added polyester fiber significantly enhanced the mechanical properties of asphalt mortar [14]. Marvila et al. studied the application of natural fibers in cementitious composites and pointed out the alkaline pretreatment of fiber improved its adhesion properties, durability, water absorption and tensile strength [15]. Azevedo et al. used the natural pineapple fiber in the eco-friendly mortar to repair crack, and found the natural fiber with 2.5wt% content improved the technological properties and durability of mortar [16].

At present, the mechanical and rheological properties of modified asphalt mortar were investigated. However, the effects of filler-asphalt ratio on different properties of lignin and polyester fiber reinforced shape memory polyurethane (SMPU)/styrene butadiene styrene (SBS) composite modified asphalt mortar (PSAM) were seldom discussed. Further, a single type of fiber was often used to reinforce asphalt mortar, but the reinforcing and toughening effects of granular lignin fiber and linear polyester fiber on PSAM were rarely compared. The reinforcing and toughening mechanisms of the above two fibers on the mechanical, rheological and service properties of PSAM were not fully revealed. Therefore, the objective of this work is to understand the effects of filler-asphalt ratio on different properties of lignin and polyester fiber reinforced PSAM, and reveal the reinforcing and toughening mechanisms of lignin and polyester fibers on PSAM. This may effectively increase the shape recovery force, self-healing ability and pavement performance of PSAM, prolonging the service life of asphalt pavement.

In this work, the two typical lignin fiber and polyester fiber with large specific surface areas and better adsorption properties were selected as the reinforcing and toughening materials of PSAM. Firstly, PSAM samples with different filler-asphalt ratios were prepared. The softening point test, cone penetration test and viscosity test were used to study the effects of different filler-asphalt ratios and fiber types on the conventional properties of PSAM. Then the bending beam rheometer (BBR) test and dynamic shear rheometer (DSR) test were conducted to further analyze the effects of filler-asphalt ratios and fiber types on the rheological and anti-cracking properties of PSAM. Thus, the impacts of fiber type and filler content on various properties of PSAM were evaluated, revealing the reinforcing and toughening mechanisms of lignin fiber and polyester fiber on PSAM.

2  Materials and Methods

2.1 Materials

The raw materials were polyadipic acid-1,4-butanediol ester (PBAG), 1,4-butanediol (BDO), 4,4-diphenylmethane diisocyanate (MDI), glycerol (GLY), SBS modifier and matrix asphalt with a 60/80 penetration grade. PBAG was bought from Asahikawa Chemical Co., Ltd., Suzhou, China. MDI was provided by Xiya Chemistry Industry Ltd., Shandong, China. BDO and GLY were produced from Sinopharm Chemical Reagent Co., Ltd., China. SBS was provided by Diansheng Industry Co., Ltd., Jiangxi, China. Matrix asphalt was supplied by Lucky Gold Chemicals Co., Ltd., Tianjin, China. The penetration of matrix asphalt was 65.2 dmm, the ductility at 5°C was 15.5 cm and the softening point was 54.7°C. The limestone powder was provided by Building Materials Co., Ltd., Anhui, China. Its fundamental properties were tested according to Chinese Test Methods of Aggregate for Highway Engineering (JTG E42-2005) and Technical Specifications for Construction of Highway Asphalt Pavements (JTG F40-2004). The fundamental properties of limestone powder were listed in Table 1.
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The polyester fiber was polytrimethylene terephthalate (PTT) fiber, and was purchased from Tianyi Engineering Fiber Co., Ltd., Jiangsu, China. The length of PTT fiber was 6 mm, its diameter was 23 µm, its density was 1.33 g/cm3, its tensile strength is 517 MPa, and its oil absorption rate was 6.5%.

The lignin fiber was provided by Chenqi Chemical Technology Co., Ltd., Shanghai, China. The length of lignin fiber was 300 µm, its bulk density was 260 g/L, its drying loss rate was less than 5%, its pH value was 7, and its water absorption rate was 8.5%.

2.2 Preparation of Fiber Reinforced PSAM

2.2.1 Preparation of PSA Sample

The preparation method of SMPU/SBS composite modified asphalt (PSA) was as follows:

Firstly, the calculated amount of partial PBAG was put into the four-mouth flask equipped with a vacuum connected catheter stirrer and thermometer. The flask was heated to 120°C on an electric heating jacket. Then the remaining PBAG was added and dehydrated under the vacuum conditions at −0.1 MPa for 2 h. After that, the temperature was cooled to 80°C, and the MDI was mixed to react for 2 h after stirring at 800 rpm. Thus, the SMPU prepolymer with the mass ratio of PBAG/BDO/MDI = 1:4:3 was prepared.

Secondly, matrix asphalt was heated to the flow state at 160°C, and was sheared for 10 min at 1500 rpm using a shearing machine. The SBS modifier which accounted for 3% of asphalt mass was added slowly, and was fully swollen by continuing to shear for 15 min. Then the blend was sheared at 180°C and 5000 rpm for 30 min and developed for 2 h at 180°C to prepare SBS modified asphalt.

Thirdly, SBS modified asphalt was heated to the flow state in an oven at 160°C. Then it was cooled to 120°C and stabilized. A certain amount of prepared SMPU prepolymer was added into SBS modified asphalt, and was stirred at 1000 rpm for 60 min. Next, BDO was mixed based on the ratio of PBAG, BDO and MDI for chain extension for 5 min. The calculated amount of GLY was added to cross-link for 5 min.

Finally, the stirring speed of the above mixture was adjusted to 3000 rpm. The blend was sheared for 20 min, and then placed in an oven at 120°C for 2 h to prepare PSA.

2.2.2 Preparation of LFAM or PFAM Sample

The preparation method of the LFAM or PFAM sample was as follows:

(1) The limestone powder was heated in the oven for 4 h at 105°C, and about 300 g PSA was heated to the flow state in the oven at 160°C.

(2) In the light of JTG F40-2004, the commonly used filler-asphalt ratio range was 0.8–1.2. In this paper, the asphalt mortar samples were prepared with the three filler-asphalt ratios of 0.8, 1.0 and 1.2. The required limestone mineral powder filler was weighed.

(3) The prepared asphalt was added into the beaker. When the heating jacket temperature was raised to about 160°C, the mineral filler was added slowly into the beaker. The glass rod was used to manually stir the mixture to prevent uneven heating of asphalt and uneven distribution of mineral filler until no mineral filler floated on the asphalt surface. At the same time, the high-speed shear machine was preheated to around 160°C.

(4) The lignin fiber or polyester fiber was added which accounts for 0.8% of asphalt mass, respectively, as well as were manually stirred until all fibers were evenly dispersed in asphalt and no air bubbles were produced.

(5) The shear machine was utilized to mix and stir for 20 min at 2000 rpm to obtain the lignin fiber reinforced PSAM (LFAM) sample or polyester fiber reinforced PSAM (PFAM) sample, respectively.

2.3 Methods

2.3.1 Cone Penetration Test

The penetration test method of asphalt was not feasible to test the consistency of asphalt mortar. Hence, the fine needle in the penetration tester was replaced with a machined cone needle as shown in Fig. 1.
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Figure 1: Cone penetration tester and the sizes of cone needle

The penetration tester was converted to the cone penetration tester, and the temperature of cone penetration test was 25°C which was the same as the penetration test method. The penetration duration was 5 s. The shear strength could be calculated by Eq. (1) based on the cone penetration test results 5.


τ=981Qcos2(∂/2)πh2tan⁡(∂/2)
(1)

where Q was the penetration mass (185 g), τ was the shear strength (KPa), h was the cone penetration (0.1 mm), and 
∂
was the cone needle tip angle (30°).

2.3.2 Softening Point Test

To make sure the phase change temperature, temperature sensitivity and high-temperature stability of asphalt mortar, the softening point of asphalt mortar was measured based on the Chinese Standard Test Methods of Asphalt and Asphalt Mixtures for Highway Engineering (JTG E20-2011). A high softening point indicated that asphalt mortar had better thermal stability at high temperatures.

2.3.3 Brookfield Viscosity Test

The Brookfield viscosity test of asphalt mortar was conducted on a Brookfield viscosity analyzer at 135°C based on JTG E20-2011. Because asphalt mortar was a highly viscous fluid, the rotation speed was set at 20 rpm to investigate the viscosity changes of asphalt mortar with different filler-asphalt ratios.

2.3.4 DSR Test

The rheological property of asphalt mortar at high temperatures was characterized by the DSR test. The test frequency (ω) was 10 rad/s. The strain value (γ) was 12%. The test temperature was 64°C. The specimen thickness and diameter were 1 mm and 25 mm, respectively. The rutting factor (G*/sinδ) of asphalt mortar was measured to study the rheological properties of asphalt mortar at high temperatures.

2.3.5 BBR Test

The low-temperature bending property of asphalt mortar was investigated by the BBR test. The prepared specimen sizes of asphalt mortar were 127 mm in length, 6.35 mm in thickness and 12.7 mm in width. The 0.980 N load was applied on the beam for 240 s. The displacement sensor was utilized to test the deflection. The creep stiffness (S) and creep slope (m) in double logarithmic coordinates at 60 s were chosen as the evaluation indexes.

2.3.6 AFM Test

AFM (Multimode 8, Bruker, Germany) was utilized to characterize the microscopic morphology of crack surfaces of LFAM and PFAM specimens. The imaging mode adopted the tapping method to intuitively study the fiber distribution and reinforcement effect in PSAM. The microscopic morphology changes of crack surfaces in LFAM and PFAM specimens were characterized at the nano-microscopic scale. The scanning rate was set to 1 Hz, and the pre-pressure was 30 nN, and the scanning size was 20 μm × 20 μm for each sample.

3  Results and Discussions

3.1 Basic Performance Analysis of PASM

3.1.1 Effects of Filler-Asphalt Ratio on the Shear Strength of LFAM and PFAM

To investigate the changes in cone penetration and shear strength of LFAM and PFAM at different filler-asphalt ratios, the cone penetration tests are carried out on LFAM and PFAM. The results are provided in Fig. 2.
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Figure 2: (a) Test results of cone penetration and (b) shear strength of LFAM and PFAM at different filler-asphalt ratios

From Fig. 2a, the cone penetration of LFAM decreased significantly from 9.55 mm to 6.44 mm, 6.03 mm and 5.54 mm, as well as the cone penetration of PFAM decreased from 9.55 mm to 6.15 mm, 5.56 mm and 5.12 mm at the filler-asphalt ratios of 0.8, 1.0 and 1.2, respectively. However, the shear strength of PSA is 23.2 kPa. The highest shear strengths of LFAM and PFAM are 83.5 kPa and 87.6 kPa at the filler-asphalt ratio of 1.2, respectively, showing a significant increase in shear strength. This indicates that the added fibers serve as the reinforcing and bridging roles in PSAM [17]. The reason is that the physical and chemical interactions occur between fibers and asphalt, such as adsorption, diffusion, chemical bonding, etc. Hence, asphalt is arranged on the surface of fibers in the monomolecular form, forming the interfacial layer of structural asphalt with a strong bonding force. Also, the interfacial effect between the PSAM phase and mineral filler phase is increased, leading to an increase in the shear strength of LFAM and PFAM, which improves the shear resistance of PFAM.

From Fig. 2b, comparing the test results of LFAM and PFAM at the same fiber content and filler-asphalt ratio, the PFAM has a lower cone penetration and larger shear strength, leading to a greater shear deformation resistance. Further, at the filler-asphalt ratio of 1.2, the PFAM has a lower cone penetration of 5.12 mm than the LFAM of 5.54 mm, but the shear strength of PFAM is 87.6 KPa, which is higher than that of LFAM. The shear strength is a reflection of the reinforcing effect of fibers on PSAM, and the reinforcing effect is more related to the morphology of the fibers themselves [18]. The shear resistance of PSAM is enhanced by fibers with appropriate length and shape. The lignin fibers are vegetable fibers with a cotton-like appearance and various lengths. The linear long polyester fibers are macromolecular polymer fibers, which are similar in length and shape. The inherent mechanical properties of polyurethane fibers are higher than those of lignin fibers, so the shear strength of PFAM is better than that of LFAM.

From Fig. 2, the cone penetration of the same fiber reinforced PSAM at each filler-asphalt ratio is decreased, but the anti-shear strength is raised with the increase in filler content. Whether it is LFAM or PFAM, the cone penetration is decreased by about 1 cm and the anti-shear strength is increased by about 20 kPa as the filler-asphalt ratio is changed from 0.8 to 1.2. This indicates that as the mineral filler content is increased, PSAM becomes thicker and harder, as well as the adsorption to asphalt is increased, eventually forming a dense and uniformly dispersed spatial network structure with better integrity and improved shear resistance. The shear resistance is increased as the filler-asphalt ratio becomes higher. Therefore, the high-temperature stability of PSAM can be increased by appropriately raising the filler-asphalt ratio.

3.1.2 Impacts of Filler-Asphalt Ratio on the High-Temperature Stability of LFAM and PFAM

To investigate the temperature sensitivity and high-temperature stability of LFAM and PFAM at different filler-asphalt ratios, the softening point tests are carried out on both LFAM and PFAM, and the results are given in Fig. 3.
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Figure 3: Softening point test results of LFAM and PFAM at different filler-asphalt ratios

From Fig. 3, after adding different types of fibers, the softening point of PSAM is increased from 46.7°C to 75°C, and the increased amplitude of softening point is more than 60%. The larger softening point indicates a higher equiviscous temperature and better high-temperature stability of PSAM. On the one hand, the particle size of limestone mineral powder is smaller, so the mineral powder content is raised when the filler-asphalt ratio is increased. The mineral powder adsorbs more asphalt to form thicker structural asphalt, which thickens and hardens the PSAM, reducing the temperature sensitivity of PSAM and improving its high-temperature stability [19]. On the other hand, the lignin fibers and polyester fibers are distributed in PSAM in a three-dimensional phase. The surface of fibers absorbs the light oil components in PSAM, transforming the unstable sol-gel structure into a more stable gel structure. This results in a better reinforcement effect on PSAM and improves its high-temperature stability of PSAM [20].

By comparing the softening points of LFAM and PFAM when the filler-asphalt ratio is the same, it is found that the softening points of PFAM are higher than those of LFAM at the three filler-asphalt ratios. Further, the softening point of PFAM is 77°C when the filler-asphalt ratio is 0.8, while the softening point of LFAM is 77.6°C at the filler-asphalt ratio of 1.0, which is close to that of PFAM at the filler-asphalt ratio of 0.8, but the mineral powder content is higher than that of LFAM. This is because the evenly dispersed polyester fibers in the PSAM form an obvious three-dimensional network structure with high toughness and possess a strong interfacial bonding force with the asphalt matrix due to the higher oil absorption characteristics [12]. This forms a stable three-dimensional system and enhances the toughness of PFAM, leading to an increase in the high-temperature thermal stability of PFAM.

Additionally, the macromolecular chains in SMPU and SBS are also interpenetrated to form a spatial network in PFAM. The more compact composite network structure is formed by polyester fibers and macromolecular chain interpenetration, further significantly enhancing the thermal stability of PFAM. Nevertheless, the granular lignin fibers are difficult to form three-dimensional network structures in LFAM, increasing the thermal stability at high temperatures. Therefore, the softening points of PFAM are higher than those of LFAM at the three filler-asphalt ratios, but the difference in softening point of PFAM and LFAM is also not significant because the contents of lignin fiber and polyester fiber only account for 0.8% of asphalt mass, respectively.

Finally, from Fig. 3, the softening point tends to increase steadily as the filler-asphalt ratio is raised, but this increasing trend is not obvious. As the filler-asphalt ratio is increased from 0.8 to 1.2, the softening point of LFAM and PFAM is increased in a gradient of about 5%, showing an insignificant increasing trend. Compared with the above analysis results, the softening point is increased by 60% at the filler-asphalt ratio of 0.8, which shows that the thermal stability of asphalt is increased due to the added mineral powder and fibers. However, the improvement effect is not so obvious in the filler-asphalt ratio range of 0.8–1.2 [21].

3.1.3 Influence of Filler-Asphalt Ratio on the Viscosity of LFAM and PFAM

To investigate the viscosity changes of LFAM and PFAM at different filler-asphalt ratios, Brookfield viscosity tests are conducted on LFAM and PFAM at different filler-asphalt ratios as illustrated in Fig. 4.
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Figure 4: Brookfield viscosity test results of LFAM and PFAM at different filler-asphalt ratios

From Fig. 4, the viscosity values of PFAM are larger than those of LFAM at the three filler-asphalt ratios. Especially, the viscosity value of PSA is 0.5 Pa·s, and the viscosity values of LFAM and PFAM are 13.6 kPa·s and 15.9 kPa·s corresponding to the filler-asphalt ratio of 0.8, respectively. The viscosity values of both LFAM and PFAM are larger than 30 kPa·s at the filler-asphalt ratio of 1.2. The viscosity of PSAM is obviously increased after adding the fibers and more mineral powder. The primary reasons are that the limestone powder has higher physical adsorption to asphalt components, causing the increase in the viscosity of PSAM as the limestone powder content is raised.

Secondly, comparing the viscosity values of LFAM and PFAM at the same filler-asphalt ratio, the viscosity value of PFAM is larger than that of LFAM at the three different filler-asphalt ratios. Especially, at the filler-asphalt ratio of 1.2, the viscosity value of PFAM reaches 40.5 kPa·s at 135°C, which is higher than that of LFAM by 30%. The reasons are that the polyester fibers are randomly distributed in PSAM to act as the overlap joints and reinforcements, forming a three-dimensional network with PSAM and mineral powder. These structures produce a larger internal frictional resistance under the action of external load. Besides, polyester fibers are products derived from petroleum, and it has strong similarity with petroleum asphalt. According to the similar compatibility principle, the polymer fiber has a strong interfacial effect and high adsorption to asphalt, so its promotion effect of adhesion on PSAM viscosity is obvious [22].

Also, the length and toughness of macromolecular polyester fiber are larger than those of lignin fiber [23]. These make macromolecular polyester fiber have better adhesive properties with PSAM. Hence, the viscosity improvement of polyester fiber on PSAM is more noticeable. All these factors make PFAM become a more dense and compact micro-dispersion system, which is reflected macroscopically by an increase in viscosity. This agrees with the test results of cone penetration and softening point. It is concluded that polyester fiber has a higher viscosity enhancement effect on PSAM than lignin fiber.

Finally, from Fig. 4, the viscosity values of LFAM and PFAM are increased as the mineral powder content is raised, but the increased amplitude is different. As the filler-asphalt ratio is increased from 0.8 to 1.0, the viscosity value is increased by 6.9%–13.2%. However, as the filler-asphalt ratio is raised from 1.0 to 1.2, the viscosity value is increased significantly by 113.1%–125.0%. It is seen that the viscosity of PSAM is not only related to fiber type, but also is greatly relevant to the filler-asphalt ratio. The effect of filler on the viscosity index of PSAM becomes more evident as the filler content is raised. However, the workability of the asphalt mixture is decreased by the excessive viscosity in the actual asphalt pavement construction, so it is important to choose a suitable filler-asphalt ratio range of 0.8–1.2.

3.2 Rheological Properties of LFAM and PFAM at Different Filler-Asphalt Ratios

To discuss the rheological properties of LFAM and PFAM at different filler-asphalt ratios at high temperatures, DSR tests are carried out on LFAM and PFAM as provided in Figs. 5 and 6.
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Figure 5: Test results of complex modulus and phase angle of LFAM and PFAM at different filler-asphalt ratios
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Figure 6: Test results of storage modulus and loss modulus of LFAM and PFAM at different filler-asphalt ratios

As illustrated in Fig. 5, the G* of PSAM is increased and the δ is reduced because of the addition of the two types of fibers and mineral powder. Firstly, the G* of PSA is 3.9 kPa, but the G* of LFAM and PFAM are significantly increased after the addition of fibers and mineral powder. As the filler-asphalt ratio is raised, the G* values of LFAM and PFAM are also increased, and the highest G* values of LFAM and PFAM are 32.1 kPa and 65.5 kPa as the filler-asphalt ratio of 1.2, respectively. This is because there is a surface-active acid in PSAM, which forms an integral structural layer by physical absorption and chemical bonding with the added fibers. During the DSR test, the tentacled fibers disperse the load on the PSAM, resulting in an increase in the G* and bearing capacity [24].

Next, the limestone mineral powder is evenly dispersed in the PSA to adsorb asphalt and to fill the voids, so that the G* tends to increase due to the double-action of both fibers and mineral powder. Then, compared with the δ of PSA, the δ values of both LFAM and PFAM show a decreasing trend. The δ of LFAM is decreased from 70.5° to 59.7° and the δ of PFAM is decreased from 64.1° to 57.6°, which are both lower than that of PSA (81.9°). It indicates that the δ of PSAM is reduced by the addition of fibers, and the elastic component of PSAM is increased, resulting in the stronger mechanical properties of PSAM [25].

The changes in the loss modulus (G″) and storage modulus (G′) of LFAM and PFAM at different filler-asphalt ratios are given in Fig. 6.

From Fig. 6, both G′ and G″ of PSAM are increased after the addition of fibers and mineral powder. The G′ and G″ of PSA are 0.5 kPa and 3.8 kPa, but the G′ and G″ of PSAM are significantly increased after the addition of fibers. Further, the G′ of PFAM is 35.1 KPa and the G″ is 55.7 kPa when the filler-asphalt ratio is 1.2. This is because the elastic components in PSAM are increased by the addition of fibers, and the G′ reflects the energy storage and energy release in the deformation process of PSAM. The increase in elastic component leads to an increase in G′ [26].

The G″ reflects the dissipated energy in the form of thermal energy generated by internal friction during the deformation of PSAM, which is the unrecoverable part of PSAM after the deformation. However, the viscosity is improved because of the absorption and bonding of mineral powder and fiber with PSA components. Also, it is found that the unrecoverable part and the loss modulus become larger as the filler-asphalt ratio is increased. These are consistent with the representation of loss modulus, and it also agrees with the above analysis results of viscosity tests.

Additionally, from Fig. 6, the rising trend of G″ is linear, while the rising trend of G″ is almost exponential, and the rising trend of G″ is weaker than that of G′. It is because phase separation occurs during the deformation, and the response ability of viscosity is always weaker than that of the elasticity due to the large cohesion. Therefore, during the mechanical changes in viscoelastic materials, the thermodynamic response of viscous phase separation always lags behind that of elastic components [27].

From Fig. 7, G*/sinδ is significantly increased after adding fibers and mineral powder. G*/sinδ is also increased as the filler-asphalt ratio is raised. In fact, PSA acts together with the mineral powder and fibers to resist the external force during the deformation. The lowest values of G*/sinδ for LFAM and PFAM are 19.8 kPa and 48.1 kPa, respectively, which are 5 times and 12 times larger than the G*/sinδ of PSAM. This indicates that the deformation resistance of PSAM at high temperatures is enhanced by the added fibers, which is similar with the test results of cone penetration.
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Figure 7: Test results of G*/sinδ of LFAM and PFAM at different filler-asphalt ratios

From Fig. 7, G*/sinδ is increased as the filler-asphalt ratio is raised, as well as the curve shape of G*/sinδ is not identical for LFAM and PFAM as the filler-asphalt ratio is raised. Under the same test conditions, although the filler-asphalt ratio is increased in the form of an equal gradient, the variation amplitude of G*/sinδ is different. This is related to the dispersion uniformity of multiphase materials after mixing, and is also closely related to the characteristics of the material itself.

Finally, the G*/sinδ of PFAM is higher than that of LFAM at the same filler-asphalt ratio, and is almost twice that of LFAM. It is because the polyester fiber is uniform in shape and size, as well as better aligned and has higher toughness and oil absorption [28]. These allow polyester fiber to become more compatible with asphalt than lignin fiber, and the combination between polyester fibers and PSA provides better high-temperature deformation resistance for PSAM.

From Fig. 7, after the addition of fibers and mineral powder, the G*/sinδ of PSAM is obviously increased, and the increased amplitude is noticeable. The G*/sinδ of PSAM is significantly increased as the filler-asphalt ratio is raised. At the same filler-asphalt ratio, the G*/sinδ of PFAM is larger than that of LFAM at the same fiber content, suggesting that polyester fiber shows a better reinforcing effect than lignin fiber to increase the deformation resistance at high temperatures.

3.3 Anti-Cracking Performance of LFAM and PFAM at Different Filler-Asphalt Ratios

To investigate the anti-cracking performance of LFAM and PFAM at different filler-asphalt ratios at low temperatures, BBR tests are carried out on LFAM and PFAM as given in Figs. 8–10.
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Figure 8: The results of creep stiffness of LFAM and PFAM at different filler-asphalt ratios
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Figure 9: The AFM images of crack surfaces of (a) LFAM and (b) PFAM
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Figure 10: Test results of m values of LFAM and PFAM at different filler-asphalt ratios

As shown in Fig. 8, the creep stiffness of PSA is 189 MPa, which is higher than those of PFAM at the three filler-asphalt ratios, but is lower than those of LFAM. The creep stiffness represents the flexibility of PSAM, and the smaller creep stiffness indicates better anti-cracking performance at low temperatures. This is because the dislocation and movement of mineral powder particles are limited by the added fibers, which reduces the generation of cracks, and hinders the development of cracks, enhancing the flexibility of PSAM. Additionally, the lignin fiber mainly plays the filling role in the LFAM, as well as its reinforcing and toughening effects are not obvious. The LFAM specimen shows a brittle failure at low temperatures, and its crack surface is smoother as shown in Fig. 9a. However, the mechanical properties of polyester fiber are much better than those of lignin fiber, as well as the adhesive force between polyester fibers and the PSAM matrix causes the PFAM to become more flexible through the pull-out action from the PSAM matrix as shown in Fig. 9b. Hence, the low-temperature crack resistance of PFAM is better than that of LFAM. As illustrated in Fig. 8, the creep stiffness of PFAM is lower than that of LFAM.

From Fig. 8, the creep stiffness values of LFAM and PFAM are the lowest ones at the filler-asphalt ratio of 0.8, suggesting that their low-temperature anti-cracking properties are the best ones. When compared with the creep stiffness of PSA, the creep stiffness of LFAM is still higher than that of PSA. Besides, as the filler-asphalt ratio is increased, insufficient mixing may lead to the uneven dispersion of mineral powder in PSA, so that some uncoated mineral powder particles cannot form continuous structural asphalt. This reduces the bonding properties of PSA, resulting in a brittle failure of PSA mortar at low temperatures and increasing the stiffness modulus. As a result, LFAM has a higher creep stiffness than PSA.

Also, as the filler-asphalt ratio is raised, the creep stiffness of PFAM is decreased, and is lower than that of LFAM as the filler-asphalt ratio is the same one, and even is lower than that of PSA. It suggests that the cracking resistance of PFAM is much better than that of LFAM. The reason is that when compared with lignin fiber, polyester fiber has better low-temperature anti-cracking performance, and belongs to the same kind of polymer as SMPU. According to the similarity compatibility principle, polyester fiber has better interfacial bonding with asphalt and SMPU. Next, the polyester fiber has strong absorption to PSA, so it is mixed evenly with PSAM, which plays an effective role in reinforcing PSAM to disperse and bear partial stress, so as to effectively improve the anti-cracking performance of PSAM at low temperatures. It is concluded that the added mineral powder reduces the anti-cracking performance of PFAM and LFAM at low-temperature, as well as their anti-cracking properties are decreased by 74.2% and 46.7%, respectively, as the filler-asphalt ratio is raised from 0.8 to 1.2.

From Fig. 10, the creep slope (m) is used to characterize the relaxation performance of PSAM. The PSAM has faster stress release rate, stronger relaxation capacity and larger creep slope value, indicating it has better low-temperature anti-cracking performance. The creep slope value of PSA is 0.432, which is not obviously different from the creep slope values of LFAM and PFAM at the three filler-asphalt ratios. This is because the creep stiffness of mineral powder is the smallest one, but its creep slope is the largest one. Also, the increase in fiber content has little effect on the stress accumulation of PSAM, resulting in little change in creep slope value. These reflect that the fiber has little influence on the stress accumulation ability of PSAM, so there is little change in creep slope value.

4  Conclusions

Based on the above test and analysis results, the major conclusions are obtained as follows:

(1)Both polyester fiber and lignin fiber reduce the cone penetration of PSAM. The cone penetration of PFAM is more obviously decreased. Both polyester fiber and lignin fiber increase the shear strength of PSAM. The shear strength of PFAM is more greatly increased and has a stronger shear resistance. The shear strength of PSAM is increased as the filler-asphalt ratio is raised, and the anti-deformation ability of PSAM is improved by appropriately increasing the filler-asphalt ratio.

(2)The high-temperature stability of PSAM is improved by adding polyester fiber and lignin fiber. There is little difference between polyester fiber and lignin fiber in increasing the softening point of PSAM. Also, when the filler-asphalt ratio is raised, the increased amplitude of softening point is small, indicating that the filler-asphalt ratio shows no significant effect on the improvement of high-temperature stability of LFAM and PFAM.

(3)The viscosity of PSAM is improved by increasing the filler-asphalt ratio, as well as by adding lignin fiber and polyester fiber. The polyester fiber shows a more obvious enhancement effect on the viscosity of PSAM than lignin fiber. At the filler-asphalt ratio range of 0.8–1.0, the viscosity of PSAM is little changed with the increase in filler content, but at the filler-asphalt ratio of 1.0–1.2, the viscosity of PSAM is greatly changed. The appropriate filler-asphalt ratio range is 0.8–1.2. After comprehensive performance assessments, the optimal filler-asphalt ratio of 1.0 is proposed.

(4)The complex modulus, storage modulus, loss modulus and rutting resistance factor of PSAM are increased significantly by adding lignin fiber, polyester fiber and mineral powder, as well as show an increasing trend as the filler-asphalt ratio is raised, but the phase angle is gradually decreased. The elastic component in PSAM is increased, improving the mechanical properties and deformation resistance of PSAM. Moreover, polyester fiber better improves the deformation resistance of PSAM than lignin fiber.

(5)The added mineral powder reduces the anti-cracking performance of PFAM and LFAM at low-temperature, as well as their anti-cracking properties are decreased by 74.2% and 46.7%, respectively, as the filler-asphalt ratio is raised from 0.8 to 1.2. The low-temperature deformation resistance of LFAM is lower than that of PFAM at the same filler-asphalt ratio, and even is lower than that of PSA. Compared with lignin fiber, polyester fiber more significantly improves the cracking resistance and anti-deformation of PSAM at low temperatures.
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