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Abstract

:

To optimize the properties of asphalt mixtures and make full use of waste rubber tires, diatomite and crumb rubber particles were applied to reinforce the asphalt mixtures in this study. The rutting tests, the three-point bending tests, the freeze-thaw splitting tests, and the uniaxial compression creep tests were performed to analyze the effects of asphalt types and aggregate gradation on the pavement properties of diatomite and crumb rubber particles reinforced asphalt mixtures (DRPAM). Subsequently, the creep and relaxation characteristics of DRPAM were analyzed by the Burgers model, the modified Burgers model, the second-order extensive Maxwell model, and the Scott–Blair model. The results show that rubber particles and diatomite can reinforce the high temperature, low temperature, and viscoelastic properties of asphalt mixtures, although the improvement effect is weaker than styrene-butadiene-styrene (SBS). Consequently, it is concluded that rubber particle and diatomite compound modified asphalt mixture with suspension dense gradation and SBS binder will have better performance.
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1. Introduction


With the rapid growth of the car ownership in recent decades, a large number of waste rubber tires are produced every year, which seriously polluted the environment and occupied arable land. Therefore, it has been an urgent problem to recycle and reuse these waste tires, in which crushing waste tires into rubber powder or rubber particles and applying them to the highway construction industry has become one of the main development directions of waste tire treatment [1,2].



Venudharan et al. [3] evaluated the effect of crumb particles on rutting resistance and viscosity-temperature susceptibility base on temperature-frequency oscillation and multiple stress creep and recovery tests. The results showed that the finer the crumb rubber particles in the gradation, the better the rutting resistance and the lower the viscosity-temperature sensitivity. Wang et al. [4] and Daly et al. [5] pointed out that crumb rubber particle size had an important impact on the low-temperature performance of asphalt mixtures. Wang et al. [6] and Abdul Hassan et al. [7] reported that crumb rubber could reduce the low-temperature creep stiffness and resilient modulus of crumb rubber modified asphalt. In addition, with the decrease of the particle size of rubber particles, crumb rubber modified asphalt had been proved to have better low-temperature properties, elasticity and adhesion [8,9]. Behnood et al. studied the influence of styrene-butadiene-styrene (SBS) and rubber powder on the high and low temperature performance of asphalt by the dynamic shear rheometer (DSR) and the bending beam rheometer (BBR) [10,11]. The results showed that SBS and rubber powder could improve the high temperature performance of asphalt mixture, and rubber powder can significantly reduce the stiffness of asphalt [10]. Qian et al. [12] claimed the combination of crumb rubber particles and SBS copolymers had a synergistic effect on asphalt’s rheological properties. Wei et al. [13] pointed out that mechanical properties and anti-icing performance of the control asphalt mixture could be improved by crumb rubber and diatomite.



It can be found that rubber particles alone in asphalt mixture may have adverse effects on the performance of asphalt mixture. By comparison, diatomite, as a good inorganic modifier, is often employed to enhance the road performance of mixtures [14]. Zhang et al. [15] claimed that adding diatomite in asphalt could reduce the equivalent brittle point of asphalt and reinforce the low-temperature properties of asphalt. Yang et al. [16] pointed out that the moisture susceptibility and the high-temperature stability of asphalt mixtures could be improved by adding the diatomite into asphalt mixtures, but their crack and fatigue resistance could not be improved. Tan et al. [17] reported that the resistance cracking at low temperature of diatomite reinforced asphalt mixtures was better than that of base asphalt mixtures. Some studies have also pointed out that the combined use of diatomite and other modifiers can further reinforce the road properties of asphalt mixtures [18,19,20]. Some recycled materials such as plastic waste and jet grouting waste could also be used to enhance the performance of asphalt or asphalt mastics [21,22].



It can be seen from the above literatures that the current researches on rubber particle modified asphalt mixture are mainly focused on conventional road performance and deicing characteristics. Moreover, it is rare to analyze the effect of diatomite and rubber particle on the viscoelastic properties of asphalt mixtures, and the effect of gradation and asphalt types on the pavement performance and viscoelastic properties of rubber particles and diatomite compound modified asphalt mixtures have not been reported in the previous literature. For this reason, eight groups of asphalt mixture samples were fabricated by using matrix asphalt and SBS modified asphalt firstly, and then their mechanical properties and viscoelastic properties were compared by rutting tests, low-temperature trabecular bending tests, freeze-thaw splitting tests, and uniaxial compression creep tests. Finally, the effects of asphalt types and gradation on the mechanical properties and viscoelastic properties of composite modified asphalt mixture were analyzed. It is expected to provide a theoretical reference for the application of rubber particle and diatomite composite reinforced asphalt mixtures in practical engineering.




2. Materials and Methods


2.1. Materials


The base asphalt and SBS modified asphalt were used in this study, and their physical properties are presented in Table 1. The content of SBS in asphalt is 4%. The crumb rubber particles come from Binzhou City Shangdong Province, with the particle size of 1–3 mm, and the content of the crumb rubber particles in asphalt mixtures is 3% (mass ratio of mineral aggregate) [13]. Considering the convenience of practical application in engineering, the mixing method of rubber particles adopts the external mixing method. That is, the original mineral material gradation of the asphalt mixture is not changed, and rubber particles are mixed in the mixing process. The physical properties of rubber particles are shown in Table 2. The diatomite with a size below 0.075 mm was utilized to enhance the asphalt mixtures, whose composition is presented in Table 3. According to the standard (JTG E20-2011 T0736-2011), eight types of asphalt mixtures included suspended dense gradation and framework dense gradation were prepared in this study [23]. The grading curve is shown in Figure 1. In subsequent tests, the rutting plate specimens were fabricated by wheel rolling method, and the cylindrical specimens (100 mm in diameter and 63.5 mm in height) for freeze-thaw splitting tests and creep tests were fabricated by the Superpave Gyratory Compactor (SGC). The specific grouping number and the optimum asphalt-aggregate ratio are shown in Table 4. The optimum asphalt-aggregate ratio was determined according to the standard (JTG F40-2004) [24]. According to the standard, the design volume of air voids of suspended dense graded asphalt mixture and skeleton dense graded asphalt mixture are 4% and 3.5%, respectively. The basalt aggregate was used, and all performance indexes meet the specification requirements, as shown in Table 5.




2.2. Experimental Method


The properties of eight types of asphalt mixtures were evaluated according to JTG E20-2011 [21].



2.2.1. Rutting Tests


The rutting tests at 60 °C were conducted to study the high-temperature permanent deformation resistance of eight types of asphalt mixtures. The rutting slabs (length: 300 mm, width: 300 mm and height: 50 mm) were conditioned at 60 °C ± 0.5 °C for 5 h before the rutting tests, as shown in Figure 2. The rolling speed of the rubber wheel for the rutting tests was 42 ± 1 times/min, and the load was 0.7 MPa. The dynamic stability (DS) used to evaluate the high-temperature stability of asphalt mixtures could be calculated by Equation (1) [25].


  D S =   (  t 2  −  t 1  ) × N    d 2  −  d 1    =   15 × 42    d 2  −  d 1    ,  



(1)




where N is the rolling speed of the wheel, 42 times/min and d1 and d2 are the rutting depth at t1 (45 min) and t2 (60 min), respectively, mm.




2.2.2. Low-Temperature Trabecular Bending Tests


The trabecular bending tests at −10 °C were performed to analyze the anti-crack ability of eight types of asphalt mixtures at low-temperature. For the trabecular bending tests, a contact pressure with 50 mm/min was loaded on the beam specimens with a size of 250 mm by 30 mm by 35 mm after 2 h under −10 °C, as shown in Figure 3. The maximum bending-tensile failure strength (   R B   ), the maximum bending-tensile failure strain (   ε B   ), and the bending-tensile failure stiffness modulus (   S B   ) for low-temperature trabecular bending tests were calculated by Equations (2)–(4) [25].


   R B  =   3 × L ×  P B    2 × b ×  h 2    ,  



(2)






   ε B  =   6 × h × d    L 2    ,  



(3)






   S B  =    R B     ε B    ,  



(4)




where PB is the maximum bending-tensile failure force, N; L is the spanning length for the trabecular bending tests, 200 mm; h and b are the height and width of the beam in the middle of the span, which need to be measured before the test, mm; and d is the deflection of the beam in the middle of the span when the sample were broken, mm.




2.2.3. Freeze-Thaw Splitting Test


Freeze-thaw splitting tests were performed to study the water damage resistance of eight types of asphalt mixtures. In the freeze-thaw process, the cylindrical specimens (100 mm in diameter, 63.5 mm in height) were vacuum watered, then the specimens were placed at −18 °C ± 2 °C for 16 h, then the specimens were taken out and immediately placed in a water bath at 60 °C ± 0.5 °C for 24 h. Subsequently, the splitting strength of the samples undergoing freeze-thaw cycle and without freeze-thaw cycle was tested at 25 °C for 2 h at the loading rate of 50 mm/min, as shown in Figure 4. The tensile strength ratio (TSR) applied to evaluate the moisture susceptibility of asphalt mixtures was calculated according to Equation (5) [19].


  T S R =    R  T 2      R  T 1     × 100 ,  



(5)




where    R  T 2     and    R  T 1     are the average splitting-tensile strength of undergoing freeze-thaw cycle and without freeze-thaw cycle, respectively, MPa.




2.2.4. Uniaxial Compression Creep Test


The creep tests were conducted to test the viscoelastic response of eight kinds of asphalt mixtures under axial load and evaluate the effect of diatomite and rubber particles on the viscoelastic properties of asphalt mixtures, as shown in Figure 5. The tests were carried out on Cooper tester, the preload was 15 KPa, lasting for 30 s; and the test load was 200 KPa with a duration of 3600 s. The test temperature was 20 °C and the specimens were kept for 4 h before the test [26]. According to the tests, the variation of creep compliance of eight types of asphalt mixtures with loading time was obtained.





2.3. Interconversion between Creep Compliance and Relaxation Modulus


The relationship between the creep compliance   J ( t )   and the relaxation modulus   S ( t )   for the asphalt or asphalt mixtures has been deducted in some studies, as shown in Equation (6) [26,27,28].


    ∑  i = 1  n   S (    t  i − 1   +  t i   2    ) ×    t i  −  t  i − 1    6  [ J (  t n  −  t  i − 1   ) + 4 J (  t n  −    t  i − 1   +  t i   2  ) + J (  t n  −  t i  ) ] =  t n  ,  



(6)




where  t  is the loading time. The loading time  t  is divided into  n  equal parts.    t n    is the n-th point in time.    t i    and    t  i − 1     are the i-th and (i − 1)-th time points, respectively. Equation (6) can be written in the matrix, as shown in Equation (7).


  A x = B ,  



(7)




where A, a lower-triangular matrix, can be expressed by Equation (8), and vector x is the relaxation modulus need to be solved, which can be expressed by Equation (9).


   A  i j   =       (  t i  −  t  i − 1   ) [ J (  t n  −  t  i − 1   ) + 4 J (  t n  −    t  i − 1   +  t i   2  ) + J (  t n  −  t i  ) ] ,     i f   j ≤ i       0 ,     i f   j > i       ,  



(8)






   x i  = S (    t  i − 1   +  t i   2  ) ,  



(9)






  B = 6  t i  ,  



(10)




where   i , j ∈   1 , 2 , ⋯ , n    .





3. Results and Discussion


3.1. Mechanical Properties of Asphalt Mixtures Modified by Diatomite and Crumb Rubber Particles


3.1.1. High-Temperature Stability


Figure 6a shows the DS of the eight groups of asphalt mixtures. It can be found that SBS modified asphalt mixtures have higher DS compared with the base asphalt mixtures, which implies that the high-temperature resistance to permanent deformation of compound modified asphalt mixture can be improved by using the SBS modified asphalt as the binder.



Moreover, it can be seen from Figure 6a that the DS of the framework dense asphalt mixtures is greater than that of suspension dense asphalt mixtures when matrix asphalt or SBS modified asphalt is used as a binder. However, this conclusion will be opposite after adding diatomite and rubber particles, indicating that the compound modified asphalt mixture with suspended dense gradation has better high-temperature performance, which is mainly because the addition of rubber particles with larger particle size and softer texture has an adverse effect on the framework embedding effect of framework dense asphalt mixtures.



In addition, comparing the base asphalt mixture, the composite modified asphalt mixture, and the SBS modified asphalt mixture, it can be seen that the DS of DRAC (diatomite and rubber particles modified asphalt mixtures with suspended dense gradation) is 33.84% higher than that of AC (base asphalt mixtures with suspended dense gradation), and the DS of DRSMA (diatomite and rubber particles modified asphalt mixtures with framework dense gradation) is 19.58% higher than that of SMA (base asphalt mixtures with framework dense gradation). Although adding diatomite and rubber particles can improve the high-temperature performance of the asphalt mixture to a certain extent, there is still a certain gap compared with the modification effect of SBS. The addition of rubber particles and diatomite can absorb a large amount of free asphalt in the asphalt mixture and increase the relative proportion of structural asphalt. The rubber particles, as a relatively soft elastomer, are filled into the asphalt mixture. Some local weak areas are introduced in the material (as shown in Figure 6b), so its advantage in improving the high-temperature performance of the asphalt mixture is not obvious.




3.1.2. Anti-Crack at Low Temperature


Figure 7 shows the calculation results of    R B   ,    ε B   , and    S B    of eight groups of asphalt mixture. It can be seen from Figure 7 that the framework dense asphalt mixtures have higher    R B   ,    ε B   , and    S B    than the suspended dense asphalt mixture. From the perspective of    ε B   , it can be seen that the framework dense asphalt mixtures have better resistance to low temperature cracking than suspension dense asphalt mixtures. Comparing the test data of AC and DRAC or SMA and DRSMA, it can be seen that the addition of diatomite and rubber particles can increase the bending tensile failure strain of the asphalt mixture, reduce the bending stiffness modulus, and improve the bending tensile strength of the asphalt mixture. The addition of diatomite and rubber particles can improve the flexibility of asphalt mixture, furthermore, improve the low-temperature crack resistance of asphalt mixture. In addition, it can be seen that the performance improvement of asphalt mixtures by adding diatomite and rubber particles is still a little different from SBS modifier comparing with SAC (SBS modified asphalt mixtures with suspended dense gradation) and DRAC or SSMA (SBS modified asphalt mixtures with framework dense gradation) and DRSMA data. The diatomite and rubber particles are mainly used to strengthen the asphalt mixture by physical blending, which is weaker than SBS chemical modification. Moreover, as easily deformed particles, rubber particles will form a local weak area in the asphalt mixture, which will have a negative impact on the mechanical performance of asphalt mixtures enhanced by diatomite. Comparing the data of SDRSMA (SBS reinforced DRSMA), SDRAC (SBS reinforced DRAC), and other experimental groups, it can be seen that the diatomite and rubber particle compound modified asphalt mixtures used SBS modified asphalt as a binder has a better low-temperature cracking resistance, but it will also increase the economic cost to a certain extent.



Comparing the test data of different gradations, it can be found that the maximum flexural strain of DRAC and SDRAC is increased by 23.83% and 10.58% compared with AC and SAC, respectively, while the maximum tensile strain of DRSMA and SDRSMA is increased by 12.55% and 5.09%, respectively, compared with SMA and SSMA. This shows that diatomite and rubber particles can improve the low-temperature performance of suspended dense asphalt mixtures better than the improvement of the low-temperature anti-cracking performance of framework dense asphalt mixtures, which is mainly attributable to the fact that the gradation of the dense-framed mixture SMA is highly dependent on the mineral material. The addition of rubber particles will affect the skeletal structure of the SMA during the fabricating process. Therefore, the rubber particles have a greater adverse effect on the mechanical properties of the SMA-graded asphalt mixture.




3.1.3. Moisture Susceptibility


The specification (JTG F40-2004) stipulated that the asphalt mixture has good water stability when TSR is more than 80%. Table 6 shows the calculation results of the freeze-thaw splitting tests. It can be seen from Table 6 that diatomite and rubber modified asphalt mixtures have good water stability. Comparing different types of modified asphalt mixtures, it can be found that the addition of diatomite and rubber particles will reduce the freeze-thaw splitting strength of the asphalt mixture. It has a negative impact on the water stability of the asphalt mixtures, which may be due to the fact that rubber particles are added into the asphalt mixture as an elastomer. After rotary compaction fabrication, the rubber particles in the asphalt mixture will be in an extruded state, with a certain degree of internal stress. The combination of this internal stress and the expansion force generated by water freezing increases the damage to the asphalt mixture, which will reduce the water stability of the asphalt mixture.



Comparing the test data of diatomite and rubber particle compound modified asphalt mixture and base asphalt mixture or SBS + diatomite and rubber particle composite modified asphalt mixture and SBS modified asphalt mixture, it can be found that using SBS modified asphalt as binder has better water stability in diatomite and rubber particle composite modified asphalt mixture than using matrix asphalt. Plus, the negative impact of rubber particles on water stability is relatively weak when using SBS modified asphalt. SBS modified asphalt mixture has strong cohesiveness and can well limit the damage caused by the internal stress of rubber particles and the frost heave force of water, which will reduce the damage rate of the asphalt mixture.



By comparing the TSR data of two kinds of graded asphalt mixture, it can be found that the TSR of the asphalt mixtures with skeleton dense gradation is higher than that of the suspension dense asphalt mixture, and the composite modified asphalt mixture of diatomite and rubber particles also has higher TSR and better water stability. This may be due to the higher asphalt aggregate ratio of skeleton dense asphalt mixture with a better binding effect on aggregate and rubber particles, and the porosity is relatively small, which makes it difficult for external water to enter the internal voids of the asphalt mixture and the interface between asphalt and aggregate or rubber particles, thus improving the water stability of asphalt mixture.





3.2. Creep Characteristics of Asphalt Mixtures


3.2.1. Test Results of Creep Compliance


According to the creep tests, the creep compliances of eight groups of asphalt mixtures with three samples per group were tested and calculated at 20 °C. The average results are shown in Figure 8. It can be seen from Figure 8 that with the increase of loading time, the creep flexibility of the eight asphalt mixtures increases rapidly at first and then slowly. Moreover, compared with the matrix asphalt mixture, the addition of diatomite and rubber particles can improve the creep compliance of asphalt mixture, but the improved range is lower than that of SBS modified asphalt mixture. However, the use of SBS modified asphalt as a binder to prepare diatomite and rubber particle composite modified asphalt mixtures will have better anti-creep deformation ability. Furthermore, the skeleton dense asphalt mixture has smaller creep compliance, and the composite modified asphalt mixture with skeleton dense gradation will have better anti-creep deformation ability.




3.2.2. Fitting Analyses of Creep Compliance


To further quantitatively analyze the effect of diatomite and rubber particles on the creep characteristics of asphalt mixtures, Burgers model and modified Burgers model were adopted to fit the curve of the creep compliance (J(t)). The Burgers model and the modified Burgers are shown in Equations (12) and (13), respectively [27,28,29,30].


  J ( t ) =  1   E 1    +  t   η 1    +  1   E 2    [ 1 − exp ( −    E 2  t    η 2    ) ] ,  



(11)






  J ( t ) =  ε σ  =  1   E 1    +  1  A B   ( 1 −  e  − B t   ) +  1   E 2    ( 1 −  e  −    E 2     η 2    t   ) ,  



(12)






  M i n     F =  1 N      ∑  i = 1  n        ( J (  t i  ) − J   ′  (  t i  ) ) / J (  t i  )     2      ,  



(13)







The Burgers model is composed of a Maxwell model and a Kelvin model in series. E1 and η1 are the elastic modulus and the viscosity coefficient of the Maxwell model, respectively, and E2 and η2 are the elastic modulus and the viscosity coefficient of the Kelvin model, respectively. The modified Burgers model is to replace a sticky pot in Burgers with a sticky pot with consolidation effect, that is, t/η1 is replaced by   ( 1 −  e  − B t   ) / ( A B )  , and A and B are the parameters to be fitted. When the loading time tends to infinity, the creep deformation of the asphalt mixture can be calculated by Equation (15).


  Δ L =  σ 0   J ∞  L = ( 1 /  E 1  + 1 / ( A B ) + 1 /  E 2  )  σ 0  L ,  



(14)




where    σ 0  L /  E 1    is the instantaneous elastic deformation,    E 1    can reflect the ability of the asphalt mixture to resistance instantaneous elastic deformation,    σ 0  L /  E 2    is the viscoelastic deformation,    E 2    can reflect the ability of the asphalt mixture to resistance viscoelastic deformation;    σ 0  L / ( A B )   is the unrecoverable viscous deformation, and   A B   can reflect the ability of asphalt mixture to resist irreversible permanent deformation.



According to the creep flexibility of eight groups of asphalt mixtures shown in Figure 8, the parameters of Burgers model and modified Burgers model were solved by EXCEL software, and the solution method is shown in Equation (14). The solution results of the parameters are shown in Table 7, and the comparison between the solution results of the two models and the experimental results is shown in Figure 8. From the R2 of Table 7 and the comparison diagram of Figure 8, we can see that both the Burgers model and the modified Burgers model can better reflect the creep flexibility of asphalt mixtures. When describing the change of creep flexibility of eight groups of asphalt mixtures, the modified Burgers model is better than the Burgers model. Asphalt mixture tends to converge in the later stage of creep deformation, so it is difficult to be described by Burgers model.



The solution results of the Burgers model show adding rubber particles and diatomite can increase the instantaneous elastic modulus E1 and viscosity coefficient η1 of the matrix asphalt mixture, which shows that the ability of the asphalt mixture to resist instantaneous elastic deformation and the ability to resist permanent deformation under load can be improved by adding diatomite and rubber particles. Comparing the fitting results of different gradations, it can be found that the improvement effect of diatomite and rubber particles on the suspended dense asphalt mixture is greater than that of the skeleton dense asphalt mixture. This is mainly due to the adverse effect of the addition of rubber particles on the skeleton embedding effect of the dense skeleton asphalt mixture.



From the perspective of different asphalt binders, it can be seen that when SBS modified asphalt is used as a binder, as the improvement of diatomite the resistance of diatomaceous earth and rubber particles to the asphalt mixture against instantaneous elastic deformation and the ability to resist permanent deformation are more obvious. The SBS modified asphalt with higher binding capacity can promote the enhancement of diatomite and rubber particles.



It can be found from the parameters of the modified Burgers model that the result of the instantaneous elastic modulus is close to that of Burgers and has the same changing trend. It can be seen from the fitting results of E2 and   A B   that adding the diatomite and rubber particles can improve the resistance viscoelastic deformation and irreversible permanent deformation of the asphalt mixture, and the improvement effect of the suspended dense matrix asphalt mixture is higher than that of the skeleton dense matrix asphalt mixture.





3.3. Relaxation Characteristics of Asphalt Mixtures


3.3.1. Calculation of Relaxation Modulus


According to Equation (6), the MATLAB software was used to calculate the relaxation moduli of the eight groups of asphalt mixtures. Figure 9 shows the results of the relaxation moduli for the eight groups of asphalt mixtures. It can be found from Figure 9 that with the increase of loading time, the relaxation modulus of the eight asphalt mixtures declines rapidly at first and then declines slowly.



Adding diatomite and rubber particles can elevate the relaxation modulus of the asphalt mixture compared with the neat asphalt mixture. The rubber particle and diatomite compound modified asphalt mixtures prepared by using SBS modified asphalt as a binder will have better stress relaxation capabilities. Plus, it can be found that the skeleton dense asphalt mixtures have a larger relaxation modulus than the suspended dense asphalt mixtures, and the composite modified asphalt mixture using the skeleton dense gradation will have better stress relaxation characteristics.




3.3.2. Fitting Analysis of Relaxation Modulus


To analyze the relaxation properties of the eight groups of asphalt mixtures, the second-order extensive Maxwell model and the Scott–Blair model were applied to analyze the relaxation moduli E(t) of the eight types of asphalt mixtures with time. The expressions of the second-order extensive Maxwell model [31,32,33,34] and the Scott–Blair model [35,36] are shown in Equations (16) and (17), respectively.


  E ( t ) =  E 1   e  − t /  ρ 1    +  E 2   e  − t /  ρ 2    ,  



(15)




where E1 and E2 are the strengths to characterize the stress relaxation ρ1 and ρ2 are the relaxation times used to characterize the stress relaxation ability of asphalt mixtures.


  E ( t ) = η    t  − α        ∫ 0  1 − α     e  − τ    τ  − α   d τ      ,  



(16)




where η is the viscous damping coefficient, MPa·s, and α is a fractional order, which can be used to analyze the stress relaxation process of asphalt mixtures. The larger the value is, the closer the material property is to the rheological property of fluid, and the smaller the value is, the closer it is to the elastic property of solid.



The unknown parameters of Equations (16) and (17) are solved by EXCEL software. The solution results of the two model parameters are shown in Table 8. From the correlation coefficient R2 in Table 8 and the comparison diagram in Figure 9, we can see that the fitting curves of Scott–Blair model and second-order extended Maxwell model are in good agreement with the calculated results. This means that both the Scott–Blair model and the second-order extended Maxwell model can better describe the relaxation trend of eight groups of asphalt mixtures.



From the parameter calculation results of second-order extensive Maxwell model, the addition of rubber particle and diatomite can reduce the relaxation time of asphalt mixture, make the internal stress of asphalt mixture rapidly relax due to temperature change or external load, and then improve the stress relaxation ability of asphalt mixture. According to the results of the Scott–Blair model, it can be found that the addition of rubber particle and diatomite can reduce the fractional order α and increase the solid elastic properties of asphalt mixture, which means that the addition of rubber particles and diatomite can improve the elastic properties of asphalt mixture, the deformation can be recovered quickly after the load is removed, and the residual irrecoverable deformation will be reduced.



Comparing the test results of different modified bitumen, the improvement of rubber particle and diatomite on the relaxation modulus of asphalt mixture is weaker than that of SBS modified asphalt, and the joint use of diatomite, rubber particles, and SBS modified asphalt will make the asphalt mixture have the best relaxation characteristics. From the point of view of gradation, it can be seen that the improvement effect of diatomite and basalt fiber on the relaxation and solid elastic properties of suspended dense asphalt mixture is obviously better than that of skeleton dense asphalt mixture. The damage of rubber particles to the skeleton extrusion of skeleton dense asphalt mixture and the introduction of local weak areas also have an adverse effect on the relaxation characteristics of asphalt mixture.



From the parameter calculation results of second-order extensive Maxwell model, it can be seen that the addition of rubber particle and diatomite can reduce the relaxation stiffness of asphalt mixture, which can rapidly relax the internal stress caused by temperature change or external load in the asphalt mixtures, and then improve the stress relaxation ability of asphalt mixture. According to the results of the Scott–Blair model, it can be found that the addition of rubber particle and diatomite can reduce the fractional order α and increase the solid elastic properties of asphalt mixture, which means that the addition of rubber particle and diatomite can improve the elastic properties of asphalt mixtures, the deformation can be recovered quickly after the load is removed, and the residual irrecoverable deformation will be reduced.



Comparing the test results of different modified asphalt, it can be seen that the improvement effect of rubber particle and diatomite on the relaxation modulus of asphalt mixture is weaker than that of SBS modified asphalt. Furthermore, when diatomite, rubber particles, and SBS modified asphalt are used together, the asphalt mixture will have the best relaxation characteristics. From the point of view of gradation, it can be seen that the improvement effect of diatomite and basalt fiber on the relaxation and solid elastic properties of suspended dense asphalt mixture is obviously better than that of skeleton dense asphalt mixture. The damage of rubber particles to the skeleton extrusion of skeleton dense asphalt mixture and the introduction of local weak areas also have an adverse effect on the relaxation characteristics of asphalt mixture.






4. Conclusions


In this study, diatomite and crumb rubber particles were used to reinforce the properties of asphalt mixtures. According to the rutting test, low-temperature trabecular bending test, freeze-thaw splitting test, and uniaxial compression creep test, the effects of rubber particle and diatomite on the road performance and creep characteristics of asphalt mixtures were analyzed, and their creep characteristics were studied by the Burgers model and the modified Burgers model. Through the convolution integral and creep test data, the relaxation moduli of compound modified asphalt mixtures were calculated, and their relaxation characteristics were evaluated by using the second-order extensive Maxwell model and the Scott–Blair model. Based on the above analytical results, the following conclusions can be achieved:




	(1)

	
The addition of rubber particle and diatomite can improve the high temperature stability and low-temperature crack resistance of asphalt mixtures, but the improvement effect is weaker than that of SBS. This is because rubber particle and diatomite are mainly used for physical blending to strengthen asphalt mixture, and its effect is weaker than the chemical modification of SBS. Diatomite and rubber particles have a negative impact on the water stability of asphalt mixture, while the negative effect of rubber particles on water stability become relatively weak when using SBS modified asphalt. While when using SBS modified asphalt, the negative effect of rubber particles on water stability is relatively weak.




	(2)

	
The improvement effect of rubber particle and diatomite on the high and low temperature performance of suspended dense asphalt mixture is better than that of skeleton dense asphalt mixture. After the addition of rubber particles, the skeleton extrusion of skeleton dense asphalt mixture is destroyed and the local weak area is introduced, which can reduce the enhancement effect of rubber particle and diatomite on the high and low temperature performance of asphalt mixtures.




	(3)

	
The addition of rubber particle and diatomite can improve the ability of instantaneous elastic deformation, viscoelastic deformation, and irreversible permanent deformation. SBS modified asphalt has high bonding performance which can promote the strengthening of rubber particle and diatomite. The improvement effect of suspended dense matrix asphalt mixture is higher than that of skeleton dense asphalt mixture.




	(4)

	
Diatomite and rubber particles can increase the relaxation modulus of asphalt mixtures, but the improvement effect is not as good as SBS modified asphalt; under the combined action of diatomaceous earth, rubber particles, and SBS modified asphalt mixture, the relaxation characteristics of asphalt mixture are the best. The effect of rubber particle and diatomite on the relaxation and solid elastic properties of the suspended dense asphalt mixture is obviously better than that of the skeleton dense asphalt mixture.
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Figure 1. Aggregate gradation. 






Figure 1. Aggregate gradation.
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Figure 2. The rutting tests at 60 °C: (a) rutting slab and (b) rutting tests. 
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Figure 3. The trabecular bending tests at −10 °C: (a) beam specimens and (b) trabecular bending tests. 
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Figure 4. Splitting Test. 
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Figure 5. Uniaxial compression creep test. 
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Figure 6. Test results of the high-temperature performance of asphalt mixtures: (a) DS results and (b) cross section of DRSMA. 
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Figure 7. Test results of low-temperature performance of eight kinds of asphalt mixtures: (a)    R B   ; (b)    ε B   ; and (c)    S B   . 
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Figure 8. Creep compliance test results: (a) suspended dense gradation and (b) framework dense gradation. 
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Figure 9. Relaxation moduli test results: (a) suspended dense gradation and (b) framework dense gradation. 
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Table 1. Physical properties of asphalt.






Table 1. Physical properties of asphalt.





	
Properties

	
Base Asphalt

	
SBS Modified Asphalt




	
Standard

	
Value

	
Standard

	
Value






	
Density (15 °C, g/cm3)

	
—

	
1.017

	
—

	
1.014




	
Penetration (25 °C, 0.1 mm)

	
80–100

	
91.6

	
60–80

	
65.1




	
Softening point TR&B (°C)

	
≥45

	
46.9

	
≥55

	
61.0




	
Ductility (cm)

	
≥100 (25 °C)

	
>150

	
≥30 (5 °C)

	
68.5 (5 °C)




	
Elastic recovery

	
—

	
—

	
≥65

	
88




	
After TFOT




	
Mass loss (%)

	
≤ ± 0.8

	
0.38

	
≤ ± 1.0

	
0.22




	
Residual penetration ratio (25 °C, %)

	
≥57

	
73.3

	
≥60

	
66.9




	
Ductility (cm)

	
≥20 (15 °C)

	
>120 (15 °C)

	
≥20 (5 °C)

	
33.2 (5 °C)
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Table 2. Properties of rubber particles.






Table 2. Properties of rubber particles.





	Properties
	Density

(g/cm3)
	Water Content (%)
	Metal Content (%)
	Fiber Content (%)
	Ash Content (%)
	Carbon Black Content (%)





	Value
	1.21
	0.62
	0.031
	0.63
	5.2
	47
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Table 3. Diatomite composition.
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	Composition
	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	TiO2
	K2O





	Ratio (%)
	85.50
	4.40
	1.40
	0.53
	0.46
	0.31
	0.66
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Table 4. Group number and asphalt-aggregate ratios.
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Gradation

	
Asphalt Types




	
Base Asphalt

	
Diatomite and Crumb Rubber Particles

+ Base Asphalt

	
SBS Modified Asphalt

	
Diatomite and Crumb Rubber Particles

+ SBS Modified Asphalt






	
AC-13

	
AC (4.8%)

	
DRAC (5.4%)

	
SAC (4.9%)

	
SDRAC (5.5%)




	
SMA-13

	
SMA (5.3%)

	
DRSMA (5.9%)

	
SSMA (5.5%)

	
SDRSMA (6.1%)








Note: The content in brackets in the table is the asphalt-aggregate ratio.
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Table 5. Properties of basalt aggregate.






Table 5. Properties of basalt aggregate.





	
Coarse Aggregate

	
Fine Aggregate




	
Properties

	
Standard

	
Value

	
Properties

	
Standard

	
Value






	
weared stone value (%)

	
≤28

	
20.9

	
apparent specific gravity

	
≥2.5

	
2.733




	
Crush stone value (%)

	
≤26

	
18.6

	
Water absorption (%)

	
—

	
0.65




	
Soundness of aggregate by use of Sodium sulfate (%)

	
≤12

	
6

	
angularity value (s)

	
≥30

	
38.9




	
Elongated particle contents (%)

	
≤15

	
9.7

	
Sand equivalent (%)

	
≥60

	
66
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Table 6. Test results of freeze-thaw splitting tests.
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Mixture

	
Asphalt Mixture Types




	
AC

	
DRAC

	
SAC

	
SDRAC

	
SMA

	
DRSMA

	
SSMA

	
SDRSMA






	
RT1 (MPa)

	
0.816

	
0.885

	
1.0867

	
1.228

	
0.857

	
0.894

	
1.187

	
1.216




	
RT2 (MPa)

	
0.724

	
0.745

	
1.036

	
1.151

	
0.764

	
0.775

	
1.135

	
1.153




	
TSR (%)

	
88.7

	
84.2

	
95.3

	
93.7

	
89.2

	
86.7

	
95.6

	
94.8
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Table 7. Parameter calculation results of Burgers model and modified Burgers model.
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Parameters

	
Asphalt Mixture Types




	
AC

	
DRAC

	
SAC

	
SDRAC

	
SMA

	
DRSMA

	
SSMA

	
SDRSMA






	
E1 (MPa)

	
37.64

	
45.40

	
51.87

	
63.35

	
40.43

	
42.53

	
54.55

	
59.48




	
η1 (MPa∙s)

	
1,144,973

	
2,905,223

	
2,605,226

	
4,080,010

	
995,060

	
2,025,960

	
3,006,142

	
3,105,033




	
E2 (MPa)

	
152.60

	
290.97

	
311.97

	
344.94

	
153.31

	
203.13

	
321.60

	
345.53




	
η2 (MPa∙s)

	
15,099

	
24,906

	
28,615.28

	
25,735

	
19,290

	
15,868

	
27,903.37

	
28,416




	
R2

	
0.9874

	
0.9870

	
0.9869

	
0.9849

	
0.9902

	
0.9854

	
0.9865

	
0.9864




	
E1 (MPa)

	
38.75

	
46.18

	
52.79

	
64.89

	
41.63

	
43.73

	
55.70

	
60.64




	
A

	
9292

	
16,249

	
18,766

	
15,714

	
12,014

	
9522

	
17,192

	
18,361




	
B

	
0.0200

	
0.0207

	
0.0194

	
0.0250

	
0.0161

	
0.0246

	
0.0220

	
0.0217




	
E2 (MPa)

	
213.49

	
527.71

	
495.59

	
692.21

	
186.10

	
361.31

	
539.91

	
586.58




	
η2 (MPa∙s)

	
216,198

	
492,349

	
534,803

	
539,234

	
214,929

	
309,185

	
486,910

	
586,547




	
R2

	
0.9981

	
0.9956

	
0.9953

	
0.9947

	
0.9983

	
0.9956

	
0.9966

	
0.9959




	
AB

	
185.84

	
336.35

	
364.06

	
392.85

	
193.43

	
234.24

	
378.22

	
398.43
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Table 8. Parameter calculation results of the second-order extensive Maxwell model and the Scott–Blair model.
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Parameters

	
Asphalt Mixture Types




	
AC

	
DRAC

	
SAC

	
SDRAC

	
SMA

	
DRSMA

	
SSMA

	
SDRSMA






	
E1 (MPa)

	
30.237

	
39.483

	
44.639

	
53.825

	
32.043

	
35.408

	
46.865

	
50.913




	
E2 (MPa)

	
9.407

	
8.863

	
9.921

	
14.024

	
10.511

	
10.324

	
11.335

	
11.385




	
ρ1 (s)

	
36,717

	
63,395

	
53,442

	
64,322

	
30,117

	
49,098

	
56,630

	
56,201




	
ρ2 (s)

	
53.847

	
39.806

	
46.885

	
35.649

	
65.801

	
36.844

	
41.031

	
45.090




	
R2

	
0.9773

	
0.9609

	
0.9715

	
0.9608

	
0.9779

	
0.9689

	
0.9617

	
0.9702




	
η

	
42.631

	
49.023

	
56.532

	
67.768

	
47.683

	
46.236

	
59.382

	
64.181




	
α

	
0.04967

	
0.03117

	
0.03428

	
0.03291

	
0.05769

	
0.03865

	
0.03416

	
0.03350




	
R2

	
0.9833

	
0.9397

	
0.9688

	
0.9153

	
0.9947

	
0.9384

	
0.9450

	
0.9627
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