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Abstract: Conventional repairing methods for asphalt pavement have some inconveniences, such as insufficient strength, and are typically time-consuming. To address these issues, this study proposes a new technological method to design and prepare a high-performance assembled asphalt concrete block for fast repair of the potholes. A series of composite modified asphalt binders with 10% crumb rubber (CR) and different dosages (0%, 1%, 3%, 5%) of polyurethane (PU) are examined to determine the optimized binder. Subsequently, the corresponding asphalt mixtures are prepared for further comparison and assessment of engineering properties, such as moisture-induced damage, high-temperature deformation, and low-temperature cracking characteristics. The test results show that PU can significantly improve the high-temperature performance and hardness of (crumb rubber modified asphalt) CRMA binder; 3% PU contributes allowing the resistance of CRMA mixture to moisture-induced damage at higher levels, particularly under water whole immersion; as 3% PU is added, the high-temperature rutting deformation resistance of the CRMA mixture increases significantly, and the low-temperature anti-cracking properties are also improved slightly. Therefore, the innovatively designed high-quality assembled fast-repairing asphalt concrete block is recommended as an appropriate option for highway maintenance.
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1  Introduction

Asphalt pavement is the most commonly applied paving technique around the world. Along with the rapid development of the Chinese economy, the traffic infrastructures, including asphalt pavement, are also continuously developing [1–3]. However, it is inevitable that a variety of road distresses arise, especially potholes, under the repeated loads and environmental aging, during the in-service period [4,5]. Therefore, there is a need to actively consider how to quickly repair potholes and ease traffic for highway maintenance.

With regard to practical engineering, traditional hot/cold mix asphalt repairing technologies are usually used for potholes [6–8]. For hot mix asphalt repair technology, some accessory working equipment is needed to assist the mixing, paving, and rolling processes during implementation [9]. In addition, higher temperature-heating conditioning and a longer closed traffic time are required, which will cause bitumen aging and traffic inconvenience [10]. However, for the cold mix asphalt repairing technology, it is relatively easy to complete similar implementing works, but significant engineering disadvantages such as poor engineering properties and weak bonding with existing asphalt concrete in the original pavement still exist [11–13]. Thus, it is necessary to fully consider how to fast repair pavement potholes in a sustainable manner.

To achieve the high-quality fast repair of asphalt pavements, the prefabricated assembled repairing technology is a possible way for highway maintenance engineering [14]. This technology involves cutting the damaged pavement sections to match the prefabricated assembled repairing block with the corresponding shape and size, and then gluing the gaps between the block and old pavement. Significantly, it brings about some advantages such as a shortened repair time and a controllable performance to the repaired asphalt pavement. To this end, the engineering properties of the prefabricated assembled repairing block should be guaranteed to a satisfactory level.

The prefabricated assembled repairing maintenance technology is a newly emerging approach to achieving the fast repair of pothole distress occurring in asphalt pavements [15]. The conventional repair methods have some inadequacies such as insufficient strength, ready-to-use mixing, and paving, and are time-consuming, leading to their short service life. To adequately address this issue, the prefabrication and application of high-performance assembled fast-repairing asphalt concrete blocks are of great significance. Some publications have proved that crumb rubber (CR), as a cheap asphalt modifier, can effectively improve the overall performance of asphalt mixtures and shows high economic benefits and engineering prospects for asphalt pavement engineering [16–18]. Meanwhile, polyurethane (PU), as a new polymer material, can impart some better performance properties such as high-temperature resistance, aging resistance, and wear resistance, to the asphalt pavement, because it can react with some oxygen-containing molecules, such as hydroxyl-based substances, to form a stable molecular structure [19–20]. Therefore, the appropriate hybrid use of CR and PU can help improve the engineering quality of prefabricated assembled repairing blocks.

This study was aimed at designing a fast-repairing asphalt concrete to quickly repair the pothole distress occurring in highway pavement, instead of simple repair methods. Afterward, the CR/PU composite modified asphalt binders were prepared and characterized by tests including softening point, penetration, and viscosity. Finally, the engineering performance characteristics of the designed asphalt concrete incorporating CR and PU, such as resistance to moisture-induced damage, high-temperature deformation, and low-temperature cracking were evaluated.

2  Materials and Methodology

2.1 Materials

2.1.1 Asphalt Binder

The asphalt binder used in this study was a virgin bitumen with a penetration grade of 70, and procured from a local factory. Its main physical properties are presented in Table 1.
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2.1.2 Crumb Rubber (CR)

To better enhance the prefabricated assembled asphalt concrete, the CR particles, obtained through a process of crushing waste tire rubber at ambient temperature, were selected. The particles were provided by a local supplier. Some physical and chemical properties of the particles are summarized in Table 2.

[image: images]

2.1.3 Polyurethane (PU)

PU was provided by BASF (China) Co., Ltd., and was used for performance enhancement of the asphalt mixture. It is an isocyanate-based prepolymer and has a high reaction with some oxygen-containing groups, especially -OH. Some basic physical properties are presented in Table 3.
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2.1.4 Aggregate

The graded aggregates used in this study were all of the limestone type. Their main physical properties are presented in Table 4.
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2.2 Prefabrication of Assembled Fast-Repairing Asphalt Concrete Block

First, the base asphalt was heated to 150°C. Then, the modified asphalt was prepared by adding CR with 10% relative asphalt mass fraction into the molten binder and stirring at 4000 rpm for 30 min. Following this, PU was mixed into the melted CR modified asphalt at contents of 0%, 1%, 3%, and 5% of the relative asphalt mass fraction. The mixture was evenly mixed at a low speed of 3000 rpm for 30 min, and the stirring temperature was maintained at 150°C ± 5°C. Finally, the CR/PU composite modified asphalt binders were prepared. According to the different PU contents, the CR/PU composite modified asphalts were named CR/PU-0, CR/PU-1, CR/PU-3 and CR/PU-5.

To prefabricate the assembled fast-repairing asphalt concrete block, the procedure was as follows: (a) the asphalt mixtures were fully mixed through a mixer at an elevated temperature of 170°C; (b) these mixtures were transferred to a predesigned square mold for shaping; (c) after cooling down, the assembled asphalt concrete block was demolded for further fast repair use.

2.3 Mix Design of Asphalt Concrete

AC-13 type aggregate gradation was selected in this study for determining optimum binder content in asphalt concrete. The selected aggregate gradation curve is shown in Fig. 1. Using the Marshall design method, a binder content of 4.8% was first determined for a series of mixture specimen fabrication, i.e., for Marshall stability, high-temperature rutting deformation, and low-temperature bending deformation. For further performance comparisons, the asphalt mixture with 0% and 3% PU were selected and denoted as CR/PU-0RM and CR/PU-3RM.
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Figure 1: AC-13 gradation curve for the target asphalt mixtures

2.4 Implementation Process

To complete the implementation of the assembled fast-repairing asphalt concrete block, some main processes are summarized and shown in Fig. 2. These processes included the clearing and cutting of the pothole, brushing the adhesive, and finally placing the block to repair the hole. In greater detail, the implementation processes were as follows: first, the pothole was cleared and cut into preset square size and thickness; then, the prepared adhesive was brushed on the surfaces of the cut hole; afterwards, the prefabricated assembled fast-repairing asphalt concrete block was put into the hole; and finally, the gap between the old pavement and the concrete block was fixed with asphalt binder or other adhesives.
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Figure 2: Implementation of assembled fast-repairing asphalt concrete block (a) pothole; (b) clear & cut; (c) brush adhesive; and (d) block repairing

2.5 Physical Property Test

According to ASTM D36 and ASTM D113, the high temperature properties and temperature sensitivity of CR/PU composite modified asphalt with different PU contents were evaluated for softening point and penetration. According to ASTM D4402, the viscosities of the CR/PU composite modified asphalt at different temperatures (125°C, 135°C, 145°C, 155°C, and 165°C) were measured by Brookfield rotary viscometer, and the corresponding viscosity-temperature curves were drawn to determine the construction performance of CR/PU composite modified asphalt mixture at different PU contents.

2.6 Wheel Tracking Test

The wheel tracking test (WTT) is a commonly used method to evaluate the high-temperature rutting resistance of asphalt mixture through examining the dynamic stability (DS) of the asphalt mixture, ASTM D8292. For the WTT test, the following standard steps were conducted: a. the prefabricated 300 mm × 300 mm × 50 mm specimen was put into the test chamber and cured at a constant temperature of 60°C for more than 5 h; b. the specimen was rolled for 60 min at a back-and-forth rolling speed of 42 times/min and a wheel load of 0.7 MPa at 60°C. The DS value of the asphalt mixture was calculated according to Eq. (1):


DS=15Nd2−d1
(1)

where DS is the dynamic stability of the asphalt mixture, pass/mm; d1 and d2 are respectively the rut depths of the asphalt mixture at 45 and 60 min, mm; and N is the back-and-forth rolling speed of the test wheel, usually 42 times/min.

2.7 Moisture-Induced Damage Test

The moisture-induced damage resistance of the asphalt mixtures was evaluated by immersed Marshall stability and freeze-thaw splitting tests. Two technical parameters, namely, residual Marshall stability (RMS) and freeze-thaw splitting ratio (TSR), were used in this study to verify the influence of different PU dosages on the moisture-induced damage resistance of the CR/PU composite modified asphalt concrete under different conditions.

In accordance with ASTM D6927, the Marshall test specimen was soaked in a water bath at 60°C for 30 min and 48 h, and then tested with a Marshall stability tester at a loading rate of 50 mm/min to obtain the Marshall stability of the test specimen. On this basis, the immersed Marshall residual stability (RMS) of the specimen was obtained, as given by Eq. (2):


RMS=MS1MS0×100%
(2)

where, RMS (%) is the residual Marshall stability after immersion, which indicated that the mixture had a stronger resistance to moisture-induced damage as its value remained higher; MS0 (kN) is the Marshall stability of the specimen after soaking in a water bath at 60°C for 30 min; and MS1 (kN) is the Marshall stability of the specimen after soaking in a water bath at 60°C for 48 h.

According to AASHTO T283, the specimen is required to undergo the freeze-thaw (F-T) process through the following steps: a) put the specimen into a vacuum container, inject distilled water into the container to fully cover the specimen to a depth of no less than 25 mm, reach the absolute pressure of 13–67 kPa (3.8–19.8 inHg) in a short time (5–10 min), and then remove the vacuum in a short time (5–10 min), and take out the specimen; b) cover the specimen with a plastic bag, inject 10 mL of water into it, and seal it; c) place the plastic-sealed specimen in the freezer at −18°C ± 3°C for not less than 16 h and remove from freezer and soak in 60°C ± 1°C water bath for 24 h; and d) soak in a 25°C ± 0.5°C water bath for 2 h. At the same time, the specimens cured under dry conditions were also immersed in a 25°C ± 0.5°C water bath for 2 h. After the described process, the splitting test was carried out. Furthermore, the F-T splitting strength ratio (also called tensile strength ratio, TSR) was calculated following Eq. (3):


TSR=ITS1ITS0×100%
(3)

where, TSR (%) is the residual tensile strength percentage of the asphalt mixture after the F-T process; ITS0 is the indirect tensile strength of the asphalt mixture without the freeze-thaw cycle; and ITS1 is the indirect tensile strength of the asphalt mixture after one freeze-thaw cycle.

2.8 Low Temperature Trabecular Bending Test

In accordance with JTG E20 T0715-2011, trabecular bending tests were carried out on the two kinds of asphalt mixtures at low temperature. The low temperature properties of CR/PU composite modified asphalt mixtures were evaluated for their maximum flexural strain (εB) and bending stiffness modulus (SB). The test specimens were first prefabricated with dimensions of 250 mm × 35 mm × 30 mm and then placed onto the bearing supports with a 200 mm-span in the universal testing machine (UTM) while maintaining a temperature of −10°C for not less than 4 h. After this, the test was started at a loading speed of 50 mm/min. Finally, the εB and SB values of the specimen were calculated according to Eqs. (4) and (5):


εB=6×h×dL2
(4)


SB=RBεB
(5)

where, εB is the maximum flexural strain of the specimen during failure, με; h is the height across the interrupted interview piece, mm; d is the mid-span deflection when the specimen is damaged, mm; L is the span of the specimen, mm; and RB is the flexural tensile strength of the specimen during failure, MPa.

3  Results and Discussion

3.1 Physical Properties of Composite Modified Asphalt Binder

Fig. 3 shows the basic physical properties of the CR/PU composite modified asphalt binder. As the PU content decreased, the penetration of the modified asphalt binder gradually decreased, while the softening point correspondingly increased. When the PU content was added at 1%, 3%, and 5%, the penetration value decreased from 40 to 38 dmm, 37 dmm, and 34 dmm, respectively. Meanwhile, the softening point increased from 51.8°C to 56.5°C, 57.0°C, and 58.7°C. The results obtained indicated that the incorporation of PU was helpful in improving the high temperature performance and enhancing the hardness of the CRMA binder.
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Figure 3: Physical properties of CR/PU composite modified asphalt binders: (a) softening point and penetration; and (b) viscosity

As shown in Fig. 3b, the viscosity of the CRMA binder increased to some extent with the increasing PU content at 125°C–165°C, while the viscosities were significantly lower than 3 Pa·s (135°C) required by the specification. Moreover, it was also understood that the viscosity-temperature changing trends of all binders were similar, indicating that the viscosity-temperature sensitivities of the CRMA binder with different PU contents were close to each other. The results indicated that the addition of PU somewhat increased the viscosity of the CRMA binder, but did not obviously influence the ultimate workability and temperature sensitivity as its content changed. This is because some of the PU molecules will react with the water molecules in the air environment and become self-solidified in the asphalt binder, leading to a restriction of the movement of asphalt molecules, and at higher temperatures, most solidified molecules will regain movement.

Overall, the results showed that the PU performed adequately enough to improve the physical properties of the CRMA binder, especially contributing to improving the high-temperature characteristic of the binder. For further characterization of the mixture, the CR/PU-0RM and CR/PU-3RM mixtures were optimally selected.

3.2 Engineering Performance of Composite Modified Asphalt Mixture

3.2.1 Moisture-Induced Damage Resistance

Figs. 4 and 5 display the test results of the specimens after F-T and immersion Marshall tests, respectively. As shown in Fig. 3, the TSR value for CR/PU-0RM reached 92.7% and slightly changed to 89.4% for CR/PU-3RM, both of which were still far higher than the standard requirement of ≥80%. As shown in Fig. 4, the RMS value for CR/PU-0RM reached 92.2% and improved to 95.7% for CR/PU-3RM, which were higher than the specification requirements of ≥85%. These results indicated that the moisture-induced damage resistance of the CRMA mixture stayed at a higher level with the incorporation of 3% PU, particularly under full immersion in water. This is because PU can fully react with the water molecules, to impart the binder with a strong bonding ability for aggregates under the 60°C water-bath immersion and slightly decrease the flexural property at low temperature due to the resultant hardening effect. Overall, it is appropriate to use this design to fabricate the assembled fast-repairing asphalt concrete with excellent moisture-induced damage resistance.
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Figure 4: Effect of 3% PU on the TSR value of CRMA mixture
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Figure 5: Effect of 3% PU on the RMS value of CRMA mixture

3.2.2 High-Temperature Deformation Resistance

The high-temperature rut depth and DS of the asphalt mixtures are shown in Figs. 5 and 6. As shown in Fig. 6, it was clear that the rut depth of CR/PU-3RM was lower than that of CR/PU-0RM during the test period, and at the end stage between 45 and 60 min, the rut depth of CR/PU-3RM was markedly lower. Therefore, the results showed that PU can help reduce the deepening of ruts in the CRMA mixture at high temperature, contributing to improving the resistance to high-temperature deformation. As shown in Fig. 7, the DS value for CR/PU-3RM reached 4809 pass/mm and was 3620 pass/mm for CR/PU-0RM, showing that the addition of PU caused a 32.8% increment in the DS value of the CRMA mixture. The results demonstrated that 3% PU is capable of greatly improving the resistance to high-temperature deformation of the CRMA mixture. This is dependent upon the PU being able to gradually enhance the binder strength and anti-deformation ability at high temperature over time due to the curing reaction caused by water in the air. In summary, the designed mixture can be used to provide better resistance to high-temperature loads when employed in assembled fast-repairing maintenance engineering.
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Figure 6: Rut depth development of CRMA mixture containing 0% and 3% PU
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Figure 7: DS results of CRMA mixture containing 0% and 3% PU

3.2.3 Low-Temperature Property

Fig. 8 shows the results of low-temperature trabecular bending test of the asphalt mixtures. It is significant that as 3% PU was added, the εB value of CR/PU-0RM increased from 2655.05 to 2963.29 με, while the SB value correspondingly decreased from 3843.24 to 3443.47 MPa. The results indicated that 3% PU can give a slight flexural improvement to the asphalt mixture at low temperature and only limitedly decreased the bending deformation resistance. Thus, it is obvious that CR/PU-3RM can provide a better low-temperature property to meet the application requirement when used in assembled fast-repairing maintenance engineering.
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Figure 8: Low-temperature bending test results of CRMA mixture containing 0% and 3% PU

4  Conclusions

This study proposed to design a prefabricated assembled asphalt concrete block to fast repair the pothole distress occurring in highway pavement, as an alternative to simpler repair methods. To meet this objective, the engineering performance of the designed asphalt concrete incorporating crumb rubber and polyurethane, on properties such as moisture-induced damage, high-temperature deformation, and low-temperature cracking characteristic, were evaluated and verified. Some main conclusions were obtained as follows:

1)   Physical properties results indicated that as the polyurethane content increased, the softening point and the penetration of the CRMA binder increased and then decreased. The viscosity increased a little bit within the whole temperature range, implying that PU is capable of improving the high-temperature property with less negative influence on the workability of the CRMA binder.

2)   According to the moisture-induced damage results, incorporation of 3% PU allowed the RMS and TSR values of the CRMA mixture to remain at higher levels of 95.7% and 89.4%, respectively, due to the chemical interaction between PU and water.

3)   Wheel tracking test results showed that incorporation of 3% PU increased the DS value of the CRMA mixture from 3620 to 4809 pass/mm indicating a better resistance to high-temperature deformation when applied in practice.

4)   Low-temperature properties results indicated that incorporation of 3% PU helped improve the flexural behavior of the CRMA mixture and provides a slightly decreased stiffness, which can enhance the low-temperature anti-cracking performance within the allowable loading range.

Overall, this study provides a new fast-repair method and the use of prefabricated assembled asphalt concrete blocks to fill potholes for highway pavement maintenance. However, there are still some issues that need to be addressed in the future, such as aging characteristics of the block, bonding strength improvement between old pavement and the block, and simpler implementation methods. After further investigations, the prefabricated assembled asphalt concrete block may be recommended and promoted in highway pavement construction, especially for expressway construction and service examinations.
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Table 1: Main physical properties of the used Pen.70 asphalt binder

Item Measured result Requirement Standard
Softening point (°C) 48.2 >46 ASTM D36
Ductility at 15°C (cm) >100 >100 ASTM D113
Penetration at 25°C (0.1 mm) 69 60-80 ASTM D5

Viscosity at 135°C (Pa-s) 0.45 <3 ASTM D4402
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Table 3: Basic physical properties result of PU
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Test result
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Table 4: Basic physical properties of aggregates

Aggregate classification Item Test result Standard
Coarse ones Apparent relative density (grem )  2.864 >2.60
Water absorption (%) 1.71 <2.0
Crushing value (%) 16.2 <26
Firmness coefficient (%) 3.2 <12
Fine ones Apparent relative density (grem )  2.749 >2.50
Firmness coefficient (>0.3 mm) 3.2 <12
Firmness coefficient (<0.3 mm) 2.6 <12
Sand equivalent (%) 83.3 >60
Mineral powder Apparent density (grem ™) 2.627 >2.50
Water content (%) 0.13 <1
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Hydrophilic coefficient
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Table 2: Physical and chemical properties of the used CR

Item

Test result

Mean grain size (um)
Density (g-em ')
Appearance

Moisture content (%)
Ash content (%)
Acetone extract (%)
Metal content (%)

221
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