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Abstract

:

The asphalt binders could be modified to improve road perfo rmances by using various methods, and the reinforcement mechanisms are obviously different and quietly affect the road performances. According to the composite reinforcement theory, nano-CaCO3 particles, CaCO3 whiskers, and aramid fibers were used as reinforcements to prepare modified asphalt binders, and the conventional technical performances and dynamic shear rheometer (DSR) rheological properties were measured and investigated. In addition, scanning electron microscopy (SEM) was applied to observe the interfaces between reinforcements and asphalt matrixes and the different reinforcement mechanisms were analyzed. The test results showed that the use of nano-CaCO3 particles, CaCO3 whiskers, and aramid fibers can improve the high-temperature stability of modified asphalt binders by different reinforcement mechanisms. The nano-CaCO3 particles were still effective under high-temperature conditions and could last for a long time through the principle of dispersion enhancement. The CaCO3 whiskers segregate easily and cannot be well dispersed in asphalt binders. The aramid fibers played an important role of stress transmission and fiber reinforcement in asphalt binders, and 2 mm-aramid fibers hold the best reinforcement effects. The conclusions can provide a reference for the selection and application of modifiers in the preparation of modified asphalt in laboratory and engineering projects.
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1. Introduction


Adding various modifiers with excellent performance and moderate price in asphalt is an effective method to enhance asphalt performance. The modifiers refer to the natural, synthetic organic, or inorganic materials added to asphalt binder, including fibers, resin, high-molecular polymer, natural asphalt, ground rubber powder, or other materials, which can be melted and dispersed in asphalt binder to improve the performance of asphalt mixture pavement [1,2,3,4,5,6].



At present, modified asphalt has made great progress, and products with excellent properties such as styrene-butadienestyrene (SBS) and styrene butadiene rubber (SBR) polymer modifier are widely used. With the progress of materials science and the improvement of experimental conditions, new materials were used as modifiers to prepare new modified asphalt binders. In terms of physical modification methods, nano-CaCO3, CaCO3 whiskers, and aramid fibers are the representatives of these emerging modified materials. The three materials have different shapes and belong to nanometers, micrometers, and millimeters, respectively. In this study, these three different scale materials were used to prepare modified asphalt in order to explore the effects of different reinforcements on the performance of modified asphalt from the perspective of composite materials.



With the rapid development of nanomaterials, nano-CaCO3 has been used as a stable and inexpensive material to prepare modified asphalt. Ali et al. added nano-CaCO3 to asphalt mixture and the test showed that nano-CaCO3 modified asphalt can improve the high-temperature resistance of rutting and water stability of asphalt mixture, and it is suitable for highway construction in hot and humid areas [7]. Han et al. found that nano-CaCO3 can be uniformly dispersed in SBS-modified asphalt, which can improve the toughness, strength, and thermal stability of modified asphalt [8]. Hamedi et al. found that nano-CaCO3 increased the wettability of asphalt binder to aggregate [9]. Nano-CaCO3 was used by Hao et al. to improve the dynamic stability and high-temperature performance of asphalt concrete AC-13 [10]. You et al. used 2% and 4% nano-clay in asphalt binder, and the complex shear modulus of modified asphalt increased by 66% and 125%, respectively [11]. The above studies showed that nano-CaCO3 as a reinforcement can improve the high-temperature performance of asphalt mixtures.



Whiskers are high-purity fibrous single crystals and they have excellent mechanical and physical properties due to its nearly complete crystal structure. Whiskers have been widely used in environmentally friendly coatings, building materials, and other fields [12,13,14,15,16,17]. Zhang et al. found that CaCO3 whiskers can improve the high-temperature stability in high-modulus asphalt mixture [18]. Yang et al. studied hybrid fibers containing polyester fibers and CaCO3 whiskers to improve the toughness and mechanical properties of cement slurries [19]. Cao et al. applied various mixed CaCO3 whiskers added to cement concrete and found that CaCO3 whiskers had crack resistance in cement concrete [20,21]. Cai et al. incorporated polyvinyl alcohol (PVA) fibers and CaCO3 whiskers into multi-scale engineered cementitious composite (MS-ECC). The results showed that the ductility of MS-ECC could be improved by the appropriate addition of CaCO3 whiskers [22]. Xing et al. found that CaCO3 whiskers could improve the high-temperature performance of asphalt [23]. Li et al. showed that CaCO3 whiskers could effectively improve the strength of oil well cement [24].



Compared with other organic fibers, aramid fibers have advantages in tensile strength and high temperature resistance, but there are limited studies on modified asphalt with chopped aramid fibers. Klinsky et al. used polypropylene and aramid fibers in hot mix asphalt and found that fiber improved the performance of asphalt pavement and reduced the occurrence of rutting, looseness, fatigue, and fracture [25]. Fazaeli et al. found that the simultaneous use of polyolefin-aramid fibers and Sasobit in asphalt mixtures improved the durability of the asphalt mixture and improved the mixing of the asphalt mixture, which would reduce implementation costs and extend the life of asphalt pavement [26]. Mirabdolazimi et al. found that adding suitable polymer fibers to hot mix asphalt improved the dynamic properties of asphalt mixes [27]. Piotr Jaskuła et al. evaluated the low temperature cracking susceptibility through a bending test of rectangular beams and a semi-circular bending test based on fracture mechanics theory. The results showed that the use of aramid fibers improved the low-temperature performance of asphalt pavement [28]. Hung et al. pointed out that aramid fibers generally exhibit higher tensile strength and modulus than aliphatic fibers [29]. Badeli et al. found that Aramid Pulp Fiber (APF) had very high tensile strength, modulus, and high cohesion, which effectively improved the fatigue life of asphalt mixture [30]. Eskandarsefat et al. showed that Poly-functional fibers significantly improved the softening point and viscosity of asphalt by a conventional asphalt performance test and rheological tests [31].



However, facing the emerging new materials, the selection of modifiers is still relatively blind, mostly relying on the macroscopic properties of modified asphalt binders. In addition, the research on the modification mechanism of modified asphalt and the comparison of the modification mechanisms of different modifiers are less clear. In this study, the properties and mechanisms of modified asphalt are explored from the perspective of composite materials. The modifier acts as a reinforcement and the base asphalt acts as a matrix. For the modifier selection, it is very meaningful to study the effects of different scale reinforcements on modified asphalt and to explore their modification mechanisms.



In this study, the same dosage (2 wt% of asphalt) of modifiers were used to prepare modified asphalt binders. The penetration, softening point, and ductility of aramid fibers-, CaCO3 whiskers-, and nano-CaCO3 particles-modified asphalt was tested. The rheological properties of three modified asphalt binders were analyzed by dynamic shear rheometer (DSR). Scanning electron microscopy (SEM) was used to observe the microscopic morphology of three reinforcements. The performance of three different reinforcement-modified asphalt binders was compared and the mechanisms and causes of these differences were discussed.




2. Material and Methods


2.1. Raw Materials


The SK-90 base asphalt was selected for the preparation of different modified asphalt binders. The basic characteristics are listed in Table 1.



Nano-CaCO3 is a white powdery solid. Its average particle size is about 10–100 nm. The calium carbonate content of Nano-CaCO3 is 98.5%, and its thermal decomposition temperature is about 530 °C. CaCO3 whiskers are a white fluffy powder with a diameter of 1–3 μm. The average length is 20–30 μm. Its density is about 2.8 g/cm3. Aramid fiber is a new type of high-tech synthetic fiber with many excellent properties. It is often used as a reinforcing material to make high-performance composite materials. In this study, the length of aramid fibers is 2 mm. The basic characteristics of nano-CaCO3, CaCO3 whiskers, and aramid fibers are summarized in Table 2, Table 3 and Table 4. The appearance of the three materials are shown in Figure 1.




2.2. Preparation of Different Reinforcement-Modified Asphalt Binders


The preparation process of the modified asphalt binders proposed in this paper is as follows:




	(1)

	
Asphalt was placed in an oven, heated to 150 °C, and placed in an electronic balance to weigh 200 g in a stainless-steel beaker.




	(2)

	
The beaker containing the asphalt sample was placed in a constant temperature oil bath at 150 °C.




	(3)

	
4 g reinforcement was weighed with an electronic balance (2 wt% of asphalt sample).




	(4)

	
The electric mixer was opened and the stirring speed was set to 350 rpm. The above-mentioned weighed reinforcement was gradually added to the asphalt. Stirring was continued until the reinforcement was evenly dispersed.









The general preparation process is shown in Figure 2.




2.3. Experiment Methods and Evaluation Indexes


2.3.1. Conventional Indicator Tests


According to the Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (JTG E20-2011) T0604, T0605, and T0606, the asphalt binders modified with different reinforcements were tested for penetration, softening point, and ductility.




2.3.2. Dynamic Shear Rheology Test (DSR)


The temperature scanning mode of DSR is a way to study the dependence of asphalt index on temperature and it can be used to evaluate the high-temperature permanent deformation ability of asphalt. The multiple stress creep recovery (MSCR) test can better reflect the nonlinear viscoelastic response of asphalt, and its indexes have been confirmed to have a good correlation with asphalt pavement performance [32]. The three modified asphalt binders were tested in accordance with the relevant requirements (JTG E20-2011) T 0628-2011 asphalt rheological property test (dynamic shear rheometer method). The equipment used was an Anton Paar smartpave 102/H-PTD200 (Anton Paar, Graz, Austria).




2.3.3. Scanning Electron Microscope (SEM)


The micromorphology of reinforcements and their morphology in the modified asphalt are important indicators for evaluating the reinforcement performance. In this study, three kinds of reinforcements and three modified asphalt binders prepared with different reinforcements were observed using a ZEISS GeminiSEM 500 (Carl Zeiss AG, Heidenheim, Germany). The parameter settings were: test voltage 20 Kv, vacuum degree 1.2 × 10−3 Pa, working distance 10 mm.






3. Results and Discussion


3.1. Conventional Technical Performances of the Modified Asphalt Binders


It can be seen in Figure 3a that, after the reinforcement addition, the penetration of the three modified asphalt binders decreased to different levels compared to those of base asphalt. Among them, the penetration of CaCO3 whiskers-modified asphalt is 53.5, which is the largest reduction. The penetration value of nano-CaCO3-modified asphalt is 83, which is the minimum reduction. The aramid fiber-modified asphalt has a penetration value of 80, which is reduced by 10%. In Figure 3b, the bar graph is shown for the softening point of different reinforcement-modified asphalt binders under the same dosage conditions. It can be seen that, after adding the reinforcement, the softening points of the three modified asphalt binders increase to different degrees compared to that of base asphalt. The results of 10 °C ductility of different reinforcement-modified asphalt binders are shown in Figure 3c. It can be seen that, after adding the reinforcing agent, the ductility of aramid fiber-modified asphalt is slightly increased compared with that of base asphalt, and the ductility of CaCO3 whiskers-modified asphalt has the largest decrease in ductility.




3.2. Rheological Properties of the Modified Asphalt Binders


3.2.1. Temperature Sweep Test


The DSR temperature sweep mode is a study of the temperature dependence of asphalt materials and can be used to evaluate the high-temperature resistance to permanent deformation of asphalt materials. In Figure 4, the rutting factor (G*/sinδ) are shown for base asphalt, whisker-modified asphalt, nano-CaCO3-modified asphalt, and aramid fiber-modified asphalt over the temperature range of 30–80 °C. It is seen that the rutting factors of modified asphalt binders are greater than that of base asphalt. Among the three modified asphalt binders, the rutting factor of aramid fiber-modified asphalt is slightly higher than that of the whisker-modified asphalt, but the increase is not large. As the temperature increases, the rutting factors of different asphalt binders decrease significantly and tend to reach that of the base asphalt. The reason is that, after the reinforcement is added, the softening point of modified asphalt binders is further improved, and the rutting resistance is enhanced. Under the same dosage, the modification effect of aramid fiber is better than that of other two powder materials.




3.2.2. Multiple Stress Creep Recovery (MSCR) Test


To evaluate and compare the stress recovery performance of different reinforcement-modified asphalt, the MSCR under stress conditions of 0.1 and 3.2 kPa was carried out in this study. The test temperature was 64 °C. The experimental results are shown in Figure 5. In Table 5, the average strain recovery rate (R) and the average unrecoverable creep compliance (Jnr) are given. As it can be seen in Figure 5, the base asphalt is a temperature-sensitive material. It exhibits more viscous properties under high temperature conditions, the elastic properties are gradually lost and the creep recovery ability is gradually reduced. The three different reinforcement-modified asphalt binders are substantially similar in creep properties to base asphalt.



Through the calculation of R and Jnr for each sample, it is found that each sample still has a certain recovery ability. When the stress level is 0.1 kPa, the R value of aramid fiber-modified asphalt is the largest, and the R values of CaCO3 whiskers-modified asphalt and nano-CaCO3-modified asphalt are slightly higher than that of base asphalt. The Jnr of aramid fiber-modified asphalt is the lowest among three kinds of asphalt. The Jnr values of CaCO3 whiskers-modified asphalt and nano-CaCO3-modified asphalt are basically similar to that of base asphalt. The test results show that, under the low stress level, the strain recovery rate of aramid fiber-modified asphalt is the best, and the unrecoverable creep compliance is the smallest. When the stress level is 3.2 kPa, the R value variation is consistent with that obtained at 0.1 kPa. The Jnr parameter of CaCO3 whiskers-modified asphalt is slightly larger than that of nano-CaCO3-modified asphalt, and the Jnr parameter of aramid-modified asphalt is larger than those of other three kinds of asphalt. The test results show that the strain recovery rate of aramid fiber-modified asphalt is still the best among several modified asphalt binders after the stress level is increased. At the same time, the unrecoverable creep compliance of aramid fiber-modified asphalt at high stress levels is also increasing.





3.3. SEM Results of the Reinforcements and Interfaces


In Figure 6a, it can be observed that the nano-CaCO3 whiskers has a spindle shape, and the crystal shape is large in the middle and small at both ends. The particle size is 10–100 nm, and the aspect ratio is 3–4, which is basically ellipsoidal. As shown in Figure 6b, the CaCO3 whiskers have elongated needle shapes. The whiskers selected in the test are hexagonal prisms. If considering the cross-section as approximately circular, the whisker diameters are between 1 μm and 3 μm. At the same time, it can be observed that the whisker lengths are different. The longest whisker can reach more than 100 μm, and the shortest one is only a few microns. The length–diameter ratio of whiskers is 15–60. It can be observed from Figure 6c that aramid fibers are bundled and arranged relatively tightly, and the surface is relatively smooth with few adhering substances.



It can be seen in Figure 7 that nano-CaCO3 particles are not dispersed into asphalt as individual particles, and the cohesive particles are relatively obvious. The lumps formed after cohesion are more evenly distributed in the asphalt. As shown in Figure 8, the CaCO3 whiskers are not uniformly dispersed in the asphalt, and there is a phenomenon of agglomeration. Even under vigorous stirring, the CaCO3 whiskers were not sufficiently dispersed in the asphalt, and did not exert the reinforcing effect of the fibers. The reason may be that the density of CaCO3 whiskers and asphalt is very different, and CaCO3 whiskers are precipitated. As shown in Figure 9, the aramid fibers interlaced in the asphalt are spanning the crack and exerting the pull-and-blocking effect.




3.4. Reinforcement Mechanisms


The reinforcement shapes are different, and thus, the reinforcing effect and reinforcing mechanism for the matrix material are also different. In this study, there are three types: diffusion enhancement, whisker enhancement, and fiber reinforcement.



3.4.1. Reinforcement Mechanism of Nano-CaCO3-Modified Asphalt Binder


The nano-CaCO3 particles are about 10–100 nm in diameter, and they are dispersed into base asphalt by the heating and stirring method to prepare a modified asphalt. The nano-CaCO3 particles dispersed in the modified asphalt can effectively increase the strength of material that can be explained by the Orowan mechanism and the Hall–Petch reinforcement mechanism. The original idea is to use these small but hard nano-CaCO3 particles to hinder the asphalt binder movement, thereby increasing the modulus of material without significantly affecting the stiffness of the material [33].



The Orowan mechanism theory can be expressed by Equation (1):


τ=μb/L



(1)




where, τ is the yield stress of composite, μ is the shear modulus of matrix, b is Burgers vector of matrix, and L is the average distance between the particles.



In this study, according to the Orowan theory, the external load is mainly borne by the asphalt, and nano-CaCO3 particles hinder the dislocation motion of the asphalt, thereby enhancing the properties of the modified asphalt. The smaller the particle size, the smaller the average distance between the particles, and the greater the yield stress of the modified asphalt.



According to the Hall–Petch reinforcement mechanism, the atomic arrangement is irregular at the interface between the nano-CaCO3 particles and asphalt, and the phase interface hinders the plastic deformation of the modified asphalt.



The Hall–Petch reinforcement mechanism can be expressed by Equation (2):


σ=σ0+K·δ−1/2



(2)




where, σ is the yield strength of the material, which is proportional to the −1/2 power of the average diameter of the particles. In the case where the particle volume fraction is constant, the smaller the particle size, the more the phase interface, so that the greater the ability to block dislocation motion, and the better the material is strengthened.



In fact, nano-CaCO3 enhances the high-temperature performance of asphalt by diffusion enhancement, which may be the result of the above two mechanisms.



The process of nano-CaCO3-modified asphalt is a physical miscibility process. Due to the extremely small particle size of nano-CaCO3, the miscible system is uniform and stable, and it is suitable for production applications. In this study, nano-CaCO3 (10–100 nm) was dispersed into the asphalt by heating and stirring. Due to the sufficient thermal stability of nano-CaCO3 under the use temperature conditions, no chemical reaction occurred between the reinforcement and the matrix. Therefore, it does not dissolve in the asphalt and can last for a long time to enhance the effect.




3.4.2. Reinforcement Mechanism of CaCO3 Whiskers-Modified Asphalt Binder


The mechanism of whisker-reinforced asphalt is similar to the mechanism of particle-reinforced composites. It is the use of high-strength fibrous whiskers as reinforcements to form composites with higher strength than asphalt, which improves the high-temperature properties of materials, but reduces the plasticity and toughness.



The particle-reinforced composite material is composed of hard particles with the size of 1 to 50 μm and the matrix. In particle-reinforced composites, the particles can bear a part of the load, but the load is mainly carried by the matrix. The particles are constrained by the deformation of the matrix to achieve the purpose of reinforcement. The greater the ability of the particles to prevent the dislocation motion in the matrix, the better the enhancement effect [34].



The CaCO3 whiskers are inorganic and do not dissolve in the asphalt, so they can exist in the form of a dispersed phase. The CaCO3 whiskers have no effect on the chemical nature of the asphalt component and its role is equivalent to asphaltenes. As the matrix, the rheological properties of asphalt are changed with the asphaltene content. When adding CaCO3 whiskers to asphalt, the rheological properties of asphalt can be significantly improved, thereby improving the softening point and reducing the penetration of the asphalt.




3.4.3. Reinforcement Mechanism of Aramid Fibers-Modified Asphalt Binder


Asphalt is a typical viscoelastic material with a strong temperature sensitivity. The fibers with high tensile strength and modulus were incorporated into asphalt that increased the rutting resistance and the deformability of asphalt, making it more tough.



In this study, the strength and modulus of aramid fibers as a reinforcement were much larger than those of asphalt. On the one hand, the anti-rutting ability of asphalt was improved. The aramid fibers have a lower density than those of nano-CaCO3 and CaCO3 whiskers, and so, they can be uniformly dispersed in asphalt to form a three-dimensional network structure. At the same time, due to the high tensile strength and modulus of aramid fibers, the deformation recovery ability of the asphalt was improved.






4. Conclusions


From the above research we can get the following conclusions:




	(1)

	
The reinforcements with the same amount have different reinforcing effects on the composite due to different morphology. The nano-CaCO3 particles, CaCO3 whiskers, and aramid fibers could improve the high-temperature performance of asphalt, but the reinforcement mechanisms were different.




	(2)

	
The nano-CaCO3 particles improved the high-temperature performance of asphalt through the diffusion-enhancing mechanism.




	(3)

	
The mechanism of CaCO3 whiskers-reinforced asphalt is more similar to the mechanism of particle-reinforced composites. The CaCO3 whiskers improved the high-temperature performance of asphalt, but reduced plasticity and toughness. In addition, since the CaCO3 whiskers themselves are highly dense, they are easily cohesive and precipitated, and thus the prepared modified asphalt has poor stability.




	(4)

	
The aramid fibers fully exert the reinforcing and toughening fiber effect in asphalt and have the best modification effect.
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Figure 1. Appearance of different reinforcements. (a) Nano-CaCO3 particles, (b) CaCO3 whiskers, (c) 2 mm-aramid fibers. 






Figure 1. Appearance of different reinforcements. (a) Nano-CaCO3 particles, (b) CaCO3 whiskers, (c) 2 mm-aramid fibers.



[image: Applsci 09 02995 g001]







[image: Applsci 09 02995 g002 550]





Figure 2. Modified asphalt preparation process. 






Figure 2. Modified asphalt preparation process.



[image: Applsci 09 02995 g002]







[image: Applsci 09 02995 g003 550]





Figure 3. Conventional test results of the modified asphalt binders. (a) Penetration (0.1 mm), (b) softening point (°C), (c) Ductility (mm). 
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Figure 4. The rutting factors changes of various asphalt binders with temperature. 
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Figure 5. Multiple Stress Creep Recovery (MSCR) curves of modified asphalt binders and base asphalt binder at (a) 0.1 kPa, (b) 3.2 kPa. 
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Figure 6. Scanning electron microscopy (SEM) results of nano-CaCO3, CaCO3 whiskers, and aramid fibers (a) nano-CaCO3, magnification: 20,000×, (b) CaCO3 whiskers, magnification: 15,000×, (c) aramid fibers, magnification: 2500×. 
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Figure 7. SEM result of nano-CaCO3-modified asphalt (magnification: 1000×). 
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Figure 8. SEM result of CaCO3 whiskers-modified asphalt (magnification: 6500×). 
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Figure 9. SEM result of aramid fiber-modified asphalt (a) magnification: 50×, (b) magnification: 92×. 
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Table 1. Test results of SK-90 base asphalt.
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	Test Indices
	Measured Values





	Penetration at 25 °C, 0.1 mm
	89.7



	Ductility at 10 °C, cm
	61



	Softening Point (Ring-and-Ball method), °C
	44.3
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Table 2. Characteristics of nano-CaCO3.
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	Appearance
	Average Particle Size (nm)
	Calcium Carbonate Content

(%)
	Whiteness (%)
	Moisture Content (%)
	Decomposition Temperature

(°C)





	White powder
	10–100
	98.5
	95
	0.15
	530
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Table 3. Characteristics of CaCO3 whiskers.
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	Diameter (μm)
	Tensile Strength (MPa)
	Decomposition Temperature (°C)
	Density (g/cm3)
	Average Length (μm)
	Length-Diameter Ratio





	1–3
	3000–6000
	660
	2.8
	20–30
	15–60










[image: Table]





Table 4. Characteristics of aramid fibers.






Table 4. Characteristics of aramid fibers.





	Diameter (μm)
	Specific Gravity (g/cm3)
	Elastic Modulus (cN·dtex−1)
	Decomposition Temperature (°C)
	Breaking Elongation (%)
	Fracture Stress (GPa)





	3–5
	1.44
	410–710
	430–550
	3.6
	2.76
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Table 5. The calculation results of recovery rate (R) and average unrecoverable creep compliance (Jnr).
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Asphalt

	
0.1 kPa

	
3.2 kPa




	
R/%

	
Error %

	
Jnr/

kPa−1

	
Error %

	
R/%

	
Error %

	
Jnr/

kPa−1

	
Error %






	
Nano-CaCO3-modified asphalt

	
1.15

	
5.2

	
0.92

	
11.8

	
0.05

	
7.3

	
1.03

	
10.8




	
CaCO3 whisker-modified asphalt

	
2.08

	
3.6

	
0.93

	
12.6

	
0.03

	
6.7

	
1.06

	
13.9




	
Aramid-modified asphalt

	
14.34

	
4.3

	
0.88

	
14.7

	
0.65

	
5.9

	
1.69

	
8.4




	
Base asphalt

	
0.93

	
5.1

	
0.93

	
9.8

	
0.02

	
6.4

	
1.03

	
7.2
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