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Abstract:



Diatomite is an inorganic natural resource in large reserve. This study consists of two phases to evaluate the effects of diatomite on asphalt mixtures. In the first phase, we characterized the diatomite in terms of mineralogical properties, chemical compositions, particle size distribution, mesoporous distribution, morphology, and IR spectra. In the second phase, road performances, referring to the permanent deformation, crack, fatigue, and moisture resistance, of asphalt mixtures with diatomite were investigated. The characterization of diatomite exhibits that it is a porous material with high SiO2 content and large specific surface area. It contributes to asphalt absorption and therefore leads to bonding enhancement between asphalt and aggregate. However, physical absorption instead of chemical reaction occurs according to the results of FTIR. The resistance of asphalt mixtures with diatomite to permanent deformation and moisture are superior to those of the control mixtures. But, the addition of diatomite does not help to improve the crack and fatigue resistance of asphalt mixture.
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1. Introduction


Due to its good driving comfort, fast construction speed, convenient maintenance, and easy recycling, asphalt pavement prevails in highway engineering [1,2]. The Chinese government has been committed to developing fully the transportation industry in the past few decades. By the end of 2016, the mileage of expressways in China exceeded 130,000 km, of which more than 90% is asphalt pavement [3].



But during service periods, major damage inevitably occurs in the asphalt pavement, including rutting, cracking, and permanent deformation [4]. It is caused by the degradation of asphalt, including bonding strength breaking, high-temperature softening, low-temperature embrittlement, and heat aging [5].



In order to mitigate pavement damage, it is essential to improve the full temperature range performance of asphalt during the service period [6]. In recent years, a variety of modifiers, including organic and inorganic materials have been introduced. Researchers have conducted various studies to investigate their effects on the improvement of road performance. Amir [7] investigated the effect of temperature on the toughness index and fatigue properties of styrene–butadiene–styrene (SBS), a styrene-butadiene block copolymer-modified asphalt mixture created by a Universal Test Machine (UTM) apparatus. The results suggest that the SBS can increase the indirect tensile strength of an asphalt mixture at high temperatures. Taher [8] evaluated the permanent deformation characteristics of polyethylene terephthalate (PET)-modified asphalt mixtures. The results indicate that mixtures with PET modification have better resistance against permanent deformation. However, its price is too high to promote. Mahyar [4] investigated the effects of rice husk ash (RHA) as an asphalt modifier on binders and mixtures. The results suggest that the properties of the binders and mixtures were enhanced remarkably with the addition of RHA; although, the preparation process of RHA-modified asphalt is quite complex. Paravita [9] investigated the effect of crumb rubber on the properties of asphalt mixtures. The crumb rubber-modified asphalt mixture exhibited better mechanical properties. But, the modified mixture showed uncontrolled volume properties, which may affect durability. Erol [10] evaluated the effect of nano-clay materials on the enhancement of the mechanical properties of an asphalt mixture. The mixtures with nano-clay modification exhibit acceptable water damage resistance and rutting resistance except for its fatigue performance.



Nowadays, the SBS-modified bitumen is widely used. But, as for the other modifiers, they are either too expensive or show fewer improving effects according to the literature. New modifiers with low prices, easy modification procedures, and good modification effects are still in urgent demand.



As a non-metallic mineral, diatomite is an inorganic natural resource in large reserve [11,12]. Researchers have tried to introduce it into asphalt mixtures for its rough surface, high hardness, acid and alkali resistance, wear resistance, anti-skidding, porous structure, unique component activity, stable properties, etc. [13,14]. Alejandra’s [15] research indicates that the fatigue resistance of a binder with 4% diatomite content is improved. Cong [12] investigated the physical properties, dynamic rheological behaviors, storage stability, and aging properties of different contents of modified asphalt binders. The results suggest that both viscosity and complex modulus of binders increase rapidly at high temperatures with the addition of diatomite. Compared with base asphalt binders, the resistance of modified asphalt binders to high-temperature deformation and low-temperature cracking has been greatly improved.



Meanwhile, the pavement performances of diatomite-modified asphalt mixtures have been studied. Zhang [16] and Tan [17] evaluated the effect of diatomite on the low-temperature performance of asphalt mixtures. The results indicate that the bending strain energy density of a mixture increases with the addition of diatomite. Chen’s [18] research shows that the dynamic stability of an SBS-modified asphalt mixture is the greatest, followed by the diatomite-modified asphalt mixture and the controlled asphalt mixture. Wei [19] stated that the anti-icing performance of diatomite-modified asphalt mixtures was improved. Chen [20] suggested that the fatigue life of modified asphalt mixtures with diatomite was certainly improved under the same stress levels. Bao [21] indicates that diatomite can improve the stability and splitting strength of an asphalt mixture.



Based on the findings mentioned above, it can be found that diatomite can improve the performance of asphalt mixtures with respect to rutting resistance at high temperatures and splitting or crack resistance at low temperatures. Nevertheless, the improving mechanism necessitates further systematical research.



In this paper, X-ray Diffraction (XRD), X-ray Fluorescence (XRF), particle-size and pore-size analyzer, Scanning Electron Microscope (SEM), and Fourier-Transform Infrared Spectrometer (FTIR) tests were employed to evaluate the characteristics of diatomite. The effects of diatomite on the pavement performance of a modified asphalt mixture were also investigated. In particular, low-temperature properties were given much importance, because inorganic fillers seldom have significant effects on the low-temperature aspects. Based on the tests, we evaluated how diatomite affects the performance of asphalt mixtures.




2. Materials


Base asphalt with 60–80 penetration was procured from Ezhou, China. Two SBS-modified bitumen samples were procured from Ezhou (EZ) and Inner Mongolia (IM), China, respectively. Their properties are presented in Table 1 and Table 2, respectively. Basalt aggregate and limestone filler were also included in the asphalt mixtures. The fundamental properties of diatomite and limestone powder are listed in Table 3.


Table 1. Measured values of base asphalt.





	Indexes
	Measured Values
	Specification





	Specific gravity
	1.034
	N/A



	Penetration at 25 °C (0.1 mm)
	63
	60–80



	Ductility, 5 cm/min, 15 °C (cm)
	>150
	≥100



	Softening point (°C)
	48
	≥46



	Apparent viscosity, 135 °C (Pa·s)
	0.48
	≤1.5



	Loss on heating (%)
	+0.09
	≤±0.8








Table 2. Measured values of styrene–butadiene–styrene (SBS)-modified bitumen.





	
Indexes

	
Measured Values

	
Specification




	
EZ

	
IM






	
Specific gravity

	
1.032

	
1.039

	
N/A




	
Penetration at 25 °C (0.1 mm)

	
55

	
68

	
30–80




	
Ductility, 5 cm/min, 5 °C (cm)

	
56

	
49

	
≥30




	
Softening point (°C)

	
69

	
52

	
≥50




	
Apparent viscosity, 135 °C (Pa·s)

	
0.95

	
1.23

	
≤3




	
Loss on heating (%)

	
+0.32

	
+0.56

	
≤±1









Table 3. Fundamental properties of limestone powder and diatomite.





	Indexes
	Diatomite
	Limestone Powder





	Color
	light yellow
	white



	Apparent density (g/cm3)
	2.18
	2.67



	Water content (%)
	1.81
	0.55



	Specific surface area (m2/g)
	29.35
	1.47



	Hydrophilic coefficient
	0.5
	0.6










3. Experimental Methods


3.1. Characteristic Methods for Diatomite and Asphalt Binder


The mineralogy, chemical composition and microscopic surface characteristic of diatomite were tested by D8 Advance X-ray Diffraction (XRD, Brooke AXS, Berlin, Germany), Axios X-ray Fluorescence (XRF, PANalytical B.V., Amsterdam, The Netherlands), and JSM-IT300 Scanning Electron Microscope (SEM, NEC Electronics Corporation, Tokyo, Japan), respectively. A Mastersizer 3000 laser particle analyzer (Malvern Instruments, Malvern, UK) was used to determine the particle size distributions of fillers.



A TriStarII3020 multi-channel ratio surface area and aperture analyzer (Micromeritics, Atlanta, GA, USA) was applied to investigate surface area and mesoporous distribution. The specific surface area was determined by the Brunauer–Emmett–Teller (BET) test method. Nitrogen was used as adsorbent, and helium or hydrogen was used as a carrier gas. The two gases were mixed at a certain proportion. When it achieved the specified relative pressure, the gas flowed through solid material. The sample was adsorbed physically by nitrogen. When the liquid nitrogen was taken away, the adsorbed nitrogen was desorbed, and a desorption peak appeared. Finally, calibration peaks were obtained by injecting pure nitrogen of known volume into the mixture. According to the peak area of the calibration peaks and desorption peaks, the adsorption amount under the relative pressure was calculated. By changing the mixing ratio of the nitrogen and carrier gas, the adsorption capacity of several nitrogen relative pressures could be determined. The specific surface area could be calculated according to the following formula:
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(1)
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(2)




where p = partial pressure of nitrogen; p0 = saturated vapor pressure of liquid nitrogen; Vm = amount of gas required to form a monolayer; V = total volume of adsorbed gas; C = constant; Sg = specific surface area; NA = Avogadro constant; Am = cross-sectional area of adsorbed gas; and W = sample quality.



The Nicolet6700 Fourier-Transform Infrared Spectrometer (FTIR, Thermo Electron Scientific Instruments, Columbia, IN, USA) was used to obtain the IR spectra of the base asphalt, diatomite-modified asphalt binder, and diatomite. Binder specimens were made with base asphalt and 12% weight-based diatomite after constant stirring at 120 °C for 0.5 h. The test procedure was as follows: The infrared light of a certain wavelength was irradiated to the measured substance. If the radiant energy was equal to the energy level difference between the ground state and the excited state of the molecular vibration, the molecule could absorb the infrared light energy. The vibration transitioned from the ground state to the excited state. The instrument recorded the degree of infrared light absorption with the wavelength of the change function to form the infrared spectrum. When detecting the asphalt, it was dissolved in CS2 in a solution, and then, the KBr tablet method was used to prepare the sample. Because of the high volatility of CS2, the solution should be equipped with the current test. The scanning wave number range was 500~4000 cm−1, and the scanning frequency was 64 times.




3.2. Performance Evaluation of Mixtures


3.2.1. Preparation of Asphalt Mixture


Four mixtures—EZ-SBS-modified, IM-SBS-modified, diatomite-modified, and base asphalt—mixtures were studied. All of them were prepared with the same gradation at optimum asphalt content. The gradation was designed with 13.2-mm nominal maximum size. Figure 1 shows the gradation. Two blending methods, namely direct and indirect blending methods, were used in the preparation of the diatomite-modified asphalt mixture. When the direct blending method was used, the diatomite was added to the mixture of asphalt and aggregate with mineral powder. When the indirect mixing method was used, the diatomite-modified asphalt binder was prepared before the preparation of the mixture [22]. Yin’s [23] research showed that the two blending methods led to approximately the same mix effect. Chen [20] determined that the optimum amount of compound diatomite modifier was 10%, while at this content, the Marshall specimens showed the best performances. Zhang [16] concluded that the optimum dosage of diatomite was 13% through the analysis of the low-temperature performance of binders and mixtures. Hence, 10–13% was a reasonable range of dosage. According to the literature review, the direct blending method was chosen, with 12% (mass ratio of diatomite and asphalt) diatomite content for the specimens’ preparation.


Figure 1. Asphalt concrete (AC)-13 gradation design used in this paper.
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3.2.2. Low-Temperature Performance


A three-points bending test is the common approach for evaluating low-temperature cracking performance of asphalt mixtures. The test device is shown in Figure 2. Beam specimens with 250 ± 2.0 mm length, 30 ± 2.0 mm width, and 35 ± 2.0 mm height were used [24]. There were five parallel specimens in each type of mixture. The test was carried out on a Universal Testing Machine (UTM)-25 from Melbourne, Australia, and the experimental parameters were −10 °C of temperature and a loading rate of 50 mm/min. The bending strain energy and bending strain energy density in this study were used to evaluate the four mixtures [25], and formulas for the calculations were as follows:


[image: ]



(3)




where W = bending strain energy; F = force; s = displacement; and s0 = critical displacement.
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(4)




where dw/dv = bending strain energy density; σij = stress component, εij = strain component, and ε0 = critical strain.


Figure 2. Three-points bending test set-up.
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3.2.3. High-Temperature Performance


A rutting test is currently used to evaluate high-temperature stability. The size of the slab specimens was 300 × 300 × 50 mm. The rolling speed of the wheel was 42 times/min, and the load was 0.7 MPa. The test time was 1 h, and the test temperature was 60 °C for a standard wheel tracking test.




3.2.4. Fatigue Performance


A four-points bending fatigue test was conducted by UTM-25 (IPC Global, Melbourne, Australia) as shown in Figure 3. The length, width, and height of the beam specimens were 380 ± 2.0 mm, 63.5 ± 2.0 mm, and 50 ± 2.0 mm, respectively. The test temperature was 15 °C. A haversine load pulse at 10 Hz was used. In the fatigue test, strain control loading mode was adopted to study the fatigue life of the asphalt mixture under a microstrain, such as 500 με, 600 με, 700 με, and 800 με.


Figure 3. Four-points bending system for the fatigue test.
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3.2.5. Water Stability


Water stability was used to evaluate the ability of asphalt to stripe from the aggregate surface when the asphalt mixture was subjected to water erosion. In this paper, the Marshall stability test and indirect tensile strength test were used to assess water stability.






4. Results and Discussion


4.1. Characteristics of Diatomite and Binder


4.1.1. Mineralogical Properties of Diatomite and Limestone Powder


Figure 4 shows the XRD patterns of diatomite and limestone powder. A strong diffraction peak appears at 2θ = 26.66° in diatomite, which represents the mineral phase of SiO2. From the retrieved mineral composition, it can be concluded that the group OH− is contained in diatomite. It is an essential reason for the surface activity and absorptivity of diatomite [26]. For the XRD pattern for limestone, there is a very strong diffraction peak of CaCO3 at 2θ = 29.43°. It implies the extremely high content of CaCO3.


Figure 4. XRD pattern of the diatomite and limestone powder.
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Table 4 shows the chemical components of diatomite. Silicon (Si) displays the highest contributions, followed by Al and Fe. The content of SiO2 is one of the most important parameters by which to evaluate the quality of diatomite [27]. In particular, the surface of diatomite has very strong adhesion and adhesive strength due to the presence of these amorphous SiO2. The inert nature of SiO2 can also reduce the transmission speed in pavement and endow the pavement with heat insulation functions [6].


Table 4. Chemical components of diatomite and limestone powder.





	
Compound

	
SiO2

	
CaO

	
Al2O3

	
Fe2O3

	
K2O

	
MgO

	
TiO2

	
Loss

	
Others






	
Content (wt %)

	
Diatomite

	
62.21

	
0.36

	
12.07

	
4.52

	
1.53

	
1.10

	
0.70

	
15.89

	
1.62




	
Limestone powder

	
1.79

	
55.46

	
0.18

	
0.09

	
-

	
0.52

	
-

	
41.72

	
0.24











4.1.2. Particle Size Distribution of Diatomite


Figure 5 shows the particle size distributions of diatomite and limestone powder. From the frequency distribution curve, it can be seen that the average particle size of diatomite is slightly bigger than that of limestone powder. In addition, their particles mainly concentrate in between 5 μm and 50 μm. Cumulative distributions results show that the proportions of particle size of diatomite less than 14.48 μm and 36.52 μm reach 50% and 90%, respectively, and for limestone powder, it is 13.27 μm and 36.63 μm, respectively. The average particle size of diatomite and limestone powder is similar. Notably the average particle size is the main factor affecting the dispersion and compatibility of filler in asphalt. It is concluded that the use of diatomite contributes to the extension and filling of asphalt for its large specific surface area. It further lays a foundation for improving the performance of the mixture.


Figure 5. Particle size distributions of the diatomite and limestone powder.
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4.1.3. Mesoporous Distribution of Diatomite


Figure 6 illustrates N2 adsorption isotherms for pore size analysis. The quantity of adsorbed N2 increases with the increase of relative pressure, where p and p0 are equilibrium pressure and saturation pressure, respectively. Less adsorption in the low-pressure zone indicates that the force between the adsorbent and the adsorbate is quite weak. In the high p/p0 range, with the rise of pressure, the adsorption rate increases significantly. It can be observed that the desorption isotherm is above the adsorption isotherm when the relative pressure is between 0.6 and 1.0. In this interval, the adsorbate condenses in capillary, resulting in desorption hysteresis. This result confirms the conclusion made by Garderen [28], who found that diatomite is a layered structure with a narrow number of mesopores in it. The mesoporous distribution diagram is highlighted in Figure 6 by using the adsorption branch data. It can be seen that the pore size of diatomite mainly concentrates from 1 nm to 8 nm. The average pore diameter is 5.4895 nm. The mesoporous structure can subsequently enhance the capability of the absorbing light components of asphalt, resulting in the improvement of viscosity and high-temperature performance of asphalt.


Figure 6. Adsorption isotherm and mesoporous distribution of diatomite.
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4.1.4. SEM Results of Diatomite


It can be seen in the SEM images of Figure 7 that the shape of diatomite is a disc, believed to belong to cyclotella and stephanodiscus [21]. The average diameter of diatomite particles is about 20 μm. Further observation shows that there are a variety of small opening holes in the outer layer shell of diatomite. This specific structure of diatomite has certain influence on the asphalt mixture. It not only results in the large surface area of diatomite, but also facilitates the adsorption and wetting of asphalt.


Figure 7. Surface microstructure of diatomite: (a) 2000×; (b) 5000×; (c) 10,000×.
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4.1.5. FTIR Test Results


Figure 8 shows the FTIR patterns for asphalt, diatomite, and asphalt binder specimens. The results indicate that the peak at 2954 cm−1 is the asymmetric stretching vibrations in CH3. The two peaks at 2923 cm−1 and 2852 cm−1 are the asymmetric and symmetric stretching vibration in CH2. The peak at 2728 cm−1 is the C–H stretching vibration in saturated alkyl. Peak at 1602 cm−1 is due to the stretching vibration of the benzene ring skeleton. The peaks at 1457 cm−1 and 1376 cm−1 stand for the symmetric and asymmetric flexural vibrations in CH3. The absorption peaks of 873 cm−1 and 805 cm−1 are the outer flexural vibration absorption peaks of the hydrocarbon covalent bond of substituted benzene. The absorption peak at 747 cm−1 is the result of the alkyl flexural vibration.


Figure 8. FTIR test results.
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There are three new peaks for diatomic modified asphalt, compared with base asphalt. They are the vibrational peaks of water at 3621 cm−1, the stretching vibrations of Si–O bonds at 1033 cm−1, and the vibrational bands of inorganic compounds near the 500 cm−1, respectively. These peaks are the characteristic absorbed peaks for diatomite. It is observed that no new absorption peak appears on the spectrum of asphalt binder. Hence, it is proven that mixing of diatomite and asphalt is a simple physical blend. No new functional groups appear in the modified asphalt on account of the addition of diatomite.





4.2. Performance of Asphalt Mixtures


4.2.1. Results of the Three-Point Bending Test


The low-temperature performance of an asphalt mixture is determined by the tensile strength of asphalt and its combination with the aggregate. Usually, inorganic filler can improve the rutting performance of an asphalt mixture but has little effect on the improvement of the low-temperature performance, because the addition of filler tends to enhance the hardness of asphalt and increase the possibility of brittle fracture at low temperatures. Therefore, the focus falls on the influence of diatomite on the anti-cracking performance of the asphalt mixture.



The test results are shown in Table 5 and Figure 9. It is seen that EZ-SBS-modified mixture shows the maximum tensile strain, strain energy density, and bending strain energy, followed by IM-SBS- and diatomite-modified mixtures. Compared with the base asphalt mixtures, the energy density and strain energy of mixtures with diatomite are improved to a certain extent. It may be ascribed to the hardening effects of asphalt adsorbed in the pores of diatomite at low temperatures, which enhanced the mechanical combination of asphalt and diatomite, further improving the low-temperature performance of diatomite asphalt mortar [29]. However, the extent of the improvement is not as great as that of SBS-modified asphalt.


Figure 9. Strain energy density and bending strain energy of the four asphalt mixtures.
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Table 5. Low-temperature bending test results of the asphalt mixtures.





	Mixtures Types
	Flexural Strength (MPa)
	Tensile Strain (με)
	Bending Stiffness Modulus (MPa)





	EZ-SBS-modified
	10.127
	2077.16
	4996.93



	IM-SBS-modified
	10.481
	1576.36
	7229.83



	Diatomite-modified
	8.411
	1352.72
	6570.01



	Base
	7.910
	1130.84
	7333.69









Some discussions in the literature show that low-temperature performance of diatomite-modified asphalt mixture is comparable to or slightly lower than that of polymer-modified asphalt mixtures, such as SBS [30,31]. However, the test results showed that diatomite has little effect on the improvement of the low-temperature performance of an asphalt mixture. The reason is that an inorganic substance, such as diatomite, has no cross-linking and vulcanization with asphalt, unlike the modification mechanism of asphalt by SBS.




4.2.2. Results of the Rutting Test


It can be seen from the rutting tests results in Table 6 that the EZ-SBS-modified asphalt mixture has the highest dynamic stability. The dynamic stability of the diatomite-modified asphalt mixture is larger than that of the IM-SBS-modified asphalt mixture and about 3.4 times that of the base asphalt mixture. The reason is that diatomite, with its porous structure and large surface area, can absorb the light content of asphalt, which increases the overall complex shear modulus of the asphalt mortar and improves the rutting resistance of the mixture. In addition, diatomite is an inert substance with a high content of SiO2, which is insensitive to the change of temperature [6]. Therefore, diatomite-modified asphalt pavement has the functions of thermal insulation and heat resistance.


Table 6. Rutting experiment results of asphalt mixtures.





	Mixtures Types
	45 min d1 (mm)
	60 min d2 (mm)
	Dynamic Stability (times/mm)





	EZ-SBS-modified
	1.229
	1.295
	9545



	IM-SBS-modified
	2.477
	2.681
	3088



	Diatomite-modified
	1.574
	1.686
	5625



	Base
	3.144
	3.527
	1645










4.2.3. Results of the Four-Point Bending Test


The fatigue lives of the three kinds of asphalt mixture beams specimens are shown in Figure 10. There are four microstrain levels including 500 με, 600 με, 700 με, and 800 με. It appears that the fatigue life of the IM-SBS-modified asphalt mixture is significantly greater than the other two kinds of mixtures. Meanwhile, compared with the base asphalt mixture, the fatigue performance of the asphalt mixture with diatomite is significantly improved. This is ascribed to the excellent compatibility between diatomite and asphalt, which can reduce mixing time, prevent aging of the modified asphalt, and directly improve the durability of asphalt mixture [27].


Figure 10. Fatigue curves of the three kinds of asphalt mixtures.
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4.2.4. Results of Marshall Stability and Indirect Tensile Strength Test


The results of Marshall stability (MS), immersion Marshall stability (MS1), and residual Marshall stability (RMS) tests are shown in Figure 11. The results of the indirect tensile strength of normal temperature group (RT1), indirect tensile strength of freezing and thawing group (RT2), and tensile strength ratio (TSR) were shown in Figure 12.


Figure 11. Results of the Marshall stability test.
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Figure 12. Results of the indirect tensile strength test.
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It can be seen that although the MS and MS1 of the asphalt mixture with diatomite are lower than those of the IM-SBS-modified asphalt mixture, their RMSs are approximately equal. The TSR of the diatomite-modified asphalt mixture is slightly higher than that of the IM-SBS-modified asphalt mixture. With the addition of diatomite, the parameter value of the asphalt mixture is higher than that of base asphalt mixture, leading to the increase in the cohesive force between the asphalt and the aggregate. It contributes to the increase in shear resistance and stability [32].






5. Conclusions


This study investigated the characteristics of diatomite by various characterization methods. The influence of diatomite as modifier on asphalt mixture was also studied by comparing the pavement performance of SBS-modified, diatomite-modified, and base asphalt mixtures. According to the above results, the following items can be concluded:

	(1)

	
The group OH– was contained in diatomite. It is an essential reason for the surface activity and absorptivity of diatomite. The porous structure of diatomite improves its adhesion and wet ability with asphalt. Small particle size, numerous mesopores, and large specific surface area enhance its adsordability for the light components of asphalt. The characteristics of diatomite contribute to its strong physical connection with asphalt. They provide a possible reason for its enhancement of asphalt mixture performance.




	(2)

	
The addition of diatomite resulted in an increase in the high-temperature performance of the asphalt mixture but resulted in little improvement of the low-temperature performance. Therefore, in terms of its practical engineering application, diatomite-modified asphalt mixture is not suitable for application in the upper layer of asphalt pavement in cold areas.




	(3)

	
Although it did not perform as well as the SBS-modified asphalt mixture, the asphalt mixture with diatomite showed better fatigue performance and water stability than the base asphalt mixture. In addition, due to its low cost and simple modification process, the economic benefits of the diatomite-modified asphalt mixture have great advantages compared with the traditional modified asphalt mixture.













Author Contributions


J.X., C.Y. conceived of and designed the experiments; C.Y. and X.Z. performed the experiments; C.Y. and Q.L. analyzed the data; L.P. contributed reagents, materials, and analysis tools; J.X., C.Y. and Q.L. wrote and edited the paper.




Funding


This research was funded by [National Natural Science Foundation of China] grant number [51708437 and 51778515], [Independent Innovation Foundation of Wuhan University of Technology of China] grant number [2018IVB039].




Acknowledgments


We gratefully acknowledge many important contributions from the researchers of all reports cited in our paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Xie, J.; Wu, S.; Lin, J.; Cai, J.; Chen, Z.; Wei, W. Recycling of basic oxygen furnace slag in asphalt mixture: Material characterization & moisture damage investigation. Constr. Build. Mater. 2012, 36, 467–474. [Google Scholar]

	2. 
Chen, Z.; Wu, S.; Pang, L.; Xie, J. Function investigation of stone mastic asphalt (SMA) mixture partly containing basic oxygen furnace (BOF) slag. J. Appl. Biomater. Funct. Mater. 2016, 14 (Suppl. 1), e68–e72. [Google Scholar] [CrossRef] [PubMed]

	3. 
Long, Y.; Wu, S.; Xiao, Y.; Cui, P.; Zhou, H. VOCs reduction and inhibition mechanisms of using active carbon filler in bituminous materials. J. Clean. Prod. 2018, 181, 784–793. [Google Scholar] [CrossRef]

	4. 
Arabani, M.; Tahami, S.A. Assessment of mechanical properties of rice husk ash modified asphalt mixture. Constr. Build. Mater. 2017, 149, 350–358. [Google Scholar] [CrossRef]

	5. 
Pang, L.; Liu, K.; Wu, S.; Lei, M.; Chen, Z. Effect of LDHs on the aging resistance of crumb rubber modified asphalt. Constr. Build. Mater. 2014, 67, 239–243. [Google Scholar] [CrossRef]

	6. 
Bao, Y.N. Study of Asphalt Mixture Modified by Diatomite. Master’s Thesis, Chang’an University, Xi’an, China, 2005. [Google Scholar]

	7. 
Modarres, A. Investigating the toughness and fatigue behavior of conventional and SBS modified asphalt mixes. Constr. Build. Mater. 2013, 47, 218–222. [Google Scholar] [CrossRef]

	8. 
Baghaee Moghaddam, T.; Soltani, M.; Karim, M.R. Evaluation of permanent deformation characteristics of unmodified and Polyethylene Terephthalate modified asphalt mixtures using dynamic creep test. Mater. Des. 2014, 53, 317–324. [Google Scholar] [CrossRef]

	9. 
Wulandari, P.S.; Tjandra, D. Use of Crumb Rubber as an Additive in Asphalt Concrete Mixture. Procedia Eng. 2017, 171, 1384–1389. [Google Scholar] [CrossRef]

	10. 
Iskender, E. Evaluation of mechanical properties of nano-clay modified asphalt mixtures. Measurement 2016, 93, 359–371. [Google Scholar] [CrossRef]

	11. 
Guo, Q.; Li, L.; Cheng, Y.; Jiao, Y.; Xu, C. Laboratory evaluation on performance of diatomite and glass fiber compound modified asphalt mixture. Mater. Des. (1980–2015) 2015, 66, 51–59. [Google Scholar] [CrossRef]

	12. 
Cong, P.; Chen, S.; Chen, H. Effects of diatomite on the properties of asphalt binder. Constr. Build. Mater. 2012, 30, 495–499. [Google Scholar] [CrossRef]

	13. 
Sun, Y.S.; Chen, X.L.; Han, Y.X.; Zhang, B. Research on Performance of the Modified Asphalt by Diatomite-Cellulose Composite. Adv. Mater. Res. 2010, 158, 211–218. [Google Scholar] [CrossRef]

	14. 
Jiang, L.; Liu, Q.L. Application of Diatomite Modified Asphalt. Appl. Mec. Mater. 2013, 477–478, 959–963. [Google Scholar] [CrossRef]

	15. 
Baldi-Sevilla, A.; Montero, M.L.; Aguiar, J.P.; Loría, L.G. Influence of nanosilica and diatomite on the physicochemical and mechanical properties of binder at unaged and oxidized conditions. Constr. Build. Mater. 2016, 127, 176–182. [Google Scholar] [CrossRef]

	16. 
Zhang, Y.B.; Zhu, H.Z.; Wang, G.A.; Chen, T.J. Evaluation of Low Temperature Performance for Diatomite Modified Asphalt Mixture. Adv. Mater. Rer. 2011, 413, 246–251. [Google Scholar] [CrossRef]

	17. 
Tan, Y.; Zhang, L.; Zhang, X. Investigation of low-temperature properties of diatomite-modified asphalt mixtures. Constr. Build. Mater. 2012, 36, 787–795. [Google Scholar]

	18. 
Chen, Y.Z.; Li, Z.X. High Temperature Stability of Modified Asphalt Concrete. Appl. Mec. Mater. 2013, 438–439, 391–394. [Google Scholar] [CrossRef]

	19. 
Wei, H.; He, Q.; Jiao, Y.; Chen, J.; Hu, M. Evaluation of anti-icing performance for crumb rubber and diatomite compound modified asphalt mixture. Constr. Build. Mater. 2016, 107, 109–116. [Google Scholar] [CrossRef]

	20. 
Chen, W.F.; Gao, P.W.; Li, X.Y.; Le, J.; Jin, S. Effect of the New Type Diatomite Modifier on the Pavement Performance of Asphalt Mixture. J. Mater. Sci. Eng. 2007, 25, 578–581. [Google Scholar]

	21. 
Bao, Y.N.; Jiang, X.H. Study on Laboratory Test of Road-performance of Diatomite-asphalt Mixture. Highway Eng. 2010, 35, 018. [Google Scholar]

	22. 
Zhou, Z. Experimental Study on Mix Design of Diatomite Modified Asphalt Mixture. Master’s Thesis, Jilin University, Changchun, China, 2008. [Google Scholar]

	23. 
Yin, H.Y. Research on the Modification Mechanism of Diatomite and Dry Mixing of Diatomite-modified Asphalt Miture. Master’s Thesis, Chongqing Jiaotong University, Chongqing, China, 2012. [Google Scholar]

	24. 
Standard Test Methods of Asphalt and Asphalt Mixtures for Highway Engineering; Ministry of Transport: Beijing, China, 2011.

	25. 
Ge, Z.S.; Huang, X.M.; Xu, G.G. Evaluation of asphalt-mixture’s low-temperature anti-cracking performance by curvature strain energy method. J. Southeast Univ. (Nat. Sci. Ed.) 2002, 32, 653–655. [Google Scholar]

	26. 
Xu, S.C. A study on the Specific Property and the Development of Diatomite. J. Fuyang Teach. Coll. 2002, 17, 29–31. [Google Scholar]

	27. 
Li, Z.S. A Study on The Performance of Diatomite Modified Asphalt Mixture. Master’s Thesis, Jilin University, Changchun, China, 2008. [Google Scholar]

	28. 
Van Garderen, N.; Clemens, F.J.; Kaufmann, J.; Urbanek, M.; Binkowski, M.; Graule, T.; Aneziris, C.G. Pore analyses of highly porous diatomite and clay based materials for fluidized bed reactors. Microporous Mesoporous Mater. 2012, 151, 255–263. [Google Scholar] [CrossRef]

	29. 
Zhang, Z.Q.; Zhang, D.L.; Yuan, J.A. The Influence of the Molecular Weight and the State Transition Characteristic on the Performance of Asphalt. J. Xi′an Highway Univ. 1998, 18, 207–211. [Google Scholar]

	30. 
Wang, J.L.; Han, T. Study on temperature performance of diatomite modified asphalt mixture in Panxi, Sichuan. Commun. Sci. Technol. Heilongjiang 2014, 11, 26–28. [Google Scholar]

	31. 
Zhang, X.K. Influence of Diatomite Material on Properties of Asphalt Mixture. Master’s Thesis, Chongqing Jiaotong University, Chongqing, China, 2008. [Google Scholar]

	32. 
Wang, Y.N. Study on Performance of Diatomite-Modified Asphalt Mixture. Master’s Thesis, Jilin University, Changchun, China, 2007. [Google Scholar]













































© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
Cumulative distribution (%)

100 |
Average Particle Size:

—18

80— diatomite 17.27um

= = Limestone powder | 16.45um
il 16

PN
s v 14
’
7 A

20} s’ 42
) A 0
X 10 100 1000

Particle size (m)






media/file13.png
'r.‘,- ® -
E.# J"-'i'n' sty b
‘:'“.‘_.\h“.r-_.-_
' iy Py

e
. )






media/file12.jpg





media/file18.jpg
Fatigue life(cycle)

10

10

10

10

=106 4
R?=0.9896
10
R = 09866
0
s
- 1015 201
IM-SBS
=09902
diatomite
base
4x10° 5

Microstrain(je)





media/file9.png
Cumulative distribution (%)

100
Average Particle Size:
80 diatomite 17.27um 1°
= = Limestone powder | 16.45um
60 - =46
/i
[/ - 4
40 ;;
, Ir
/
/
20 d <42
”
~
L
AREEEEE N,
0 B - 'l 1 LiJ FEiis ™1 L i D
0.1 1 10 100 1000

Particle size (pum)

Frequency distribution(%)





media/file14.jpg
Transmittance(%)

—— base asphalt

—— base asphalt+diatomite:
diatomite.

L L

L L L L L

4000 3500 3000

2500 2000 1500 1000 500
Wavenumbers cm”)





media/file20.jpg
EZZMsEMs,

IM SBS modified  Diatomite modified Base

100
90
80
70
60
50
40
30
20

RMS(%)





media/file23.png
-
GGGGGGGGGG
1111111111111

_ §

§

000000

------

DDDDDD

(BJIADYITUNS J[ISUD] 12211pU]





media/file5.png





media/file15.png
Transmittance(%)

base asphalt
base asphalt+diatomite
diatomite
i | I | | i | i | | i |
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)





media/file19.png
Fatigue life(cycle)

10

10

10

y
R”=0.9866

m [M-SBS
® diatomite
A base

y= ‘]"::-:][]16 -4.306

R” = 0.9896

..._mlﬁ gD

[ |
9
L ““__
y = 5x10
R?=<}.9902

4:«:1{)2

Microstrain(ue)





media/file2.jpg





nav.xhtml


  materials-11-00686


  
    		
      materials-11-00686
    


  




  





media/file11.png
-

Quantity adsorbed (cm’/g STP)

12

i 0.0007 average pore width: —&— Adsorption
Z 0.0006} 5.4895 nm —@&— Desorption
=

10 = 0

E 00005 F x.
= 00004} 1
=
° \
8 - 0.0003 ¢ \‘“\_\_‘
- OL0002 -
6 E]LZI-'-“E: o] ][Jll"-"l-# I&
Pore width (nm)
4 =
2L
u 1 | 5 | 2 1 1 | B
(0.0 0.2 0.4 0.6 0.8

Relative pressure (P/Po)





media/file6.jpg
3000

2500

2000

1500

0, OM 4110
ANS(AISO)
SKISI0)

Limestone powder

W
20)

50 w 0






media/file1.png
Percent passing(%o)

-------------------------------------------------------------------------------

. —*—Upperlimit ; : : : . ;
i —v—Lowerlimit .. A R SRS T e
. —#— Medium value : : : : :
—II—DcsignvaIuc ............ ............ ........... ......... ............ ......

...........................................................................................................................

..........................................................................................................................

rremaden EEERe " Terrrsmsarrrrensrrrrnnradrnanrrrrnnnarrnnnrr e e s s rrnntasrrrnnarrnntnaanen

0.075 0.15 0.3 0.6 1.18 2.36 4.75 9.5 13.2 16
Sieve size(mm)






media/file10.jpg
Quantity adsorbed (cm/g STP)

12

10 -

AVidw (em

0.0007]

0.0006]

0.0005|

0.0004]

0.0003]

0.0002]

average pore width:
5.4895 nm

.

6 s 1012 1416

Pore widih (am)

—m— Adsorption
—@— Desorption

02

04 0.6

Relative pressure (P/Po)

08

1.0





media/file7.png
Intensity(CPS)

SO00
TO00
600
S000
400
3000
2000

1 (00

3000

2500

1500

1000

300

1 1:8i0,

Diatomite 2:Mn,0,

3:Mgﬁ]ﬂi4ﬂm{[" |]'4H‘|ﬂ
4:Na(AISi,0)
S:K(AISI,0,)
6:Ca(ALS1,0,)

12 T:ALSIO,

5 5 3113 . 3 1 7

Limestone powder
1:CaCO,

26(%)

80





media/file24.png





media/file16.jpg
300

2

(W-N_0DAG10ud utens Suipuog

s = 0
a & =

50

[ Strain energy density

722 Bending sirain energy

12

0r

(w/rsDAusuap AB1oud urens

IM-SBS diatomite

EZ-SBS





media/file3.png





media/file22.jpg
(%)SL

2 R2RLRR 2 o
S % < 3 o E3
= 5 2 3 8 B

(BdIN)IBULLS A1) 1021PU]

IM SBS modified  Diatomite modified





media/file17.png
ﬂﬂﬂﬂﬂ
ﬂﬂﬂﬂﬂﬂ
222222

..........
222222

(;wy/ry)ANsuap A51oud uteng





media/file4.jpg





media/file0.jpg
Percent passing(%)

—a— Upper limit
—v— Lowerlimit
—a— Medium value

— Design value

015 03 06 LIS 236 475
Sieve size(mm)






media/file21.png
o
ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ
333333333

%/////////////

______________
ﬂﬂﬂﬂﬂﬂﬂﬂ






