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Traditional design methods seldom consider accumulation properties, which influence the structure of asphalt mixtures. Therefore, this study is the first to put forward a modified compressible packing model. The filling characteristics of coarse aggregate were studied. Different matrix compaction indexes [image: image] to study the influence of the modified compressible model on pavement performance. Design methods based on a 4% air void and minimum voids in mineral aggregate were compared through the volumetric parameters and pavement performance based on the modified compressible packing model. The asphalt mixture performances with three gradations were analyzed. The test results showed that as the matrix compaction index [image: image] decreased, the optimum asphalt content of both methods increased, while the VMA decreased. Finally, an optimized asphalt mixture design method based on the compressible packing model was proposed, which showed good prospects for application.
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1 BACKGROUND
The traditional Marshall, Superpave, and SAC design methods all select volume design as the basis. Moreover, the optimum proportion is identified according to improved gradation. However, none of these methods consider the accumulation properties of aggregates. Coarse aggregates in the skeleton structure bear the load, while fine aggregates, mineral powder, and asphalt fill the air voids. The mixture is referred to as a framework-pore structure when excessive air voids remain after filling. When the coarse aggregates are separated by fillers, the mixture is referred to as a suspend-dense structure. When the mortar fills the air voids and does not destroy the coarse aggregate structure, the mixture is referred to as a framework-dense structure. Therefore, it is necessary to study the accumulation properties of aggregate. The present study applied the compressible packing model (CPM) (De Larrard, 1999) to explore aggregate accumulation properties.
The aggregate accumulation theory is based on geometric interactions between aggregates of different sizes. Accumulation density is calculated based on the density of different size distributions. The common models include the Furnas model (Furnas, 1929), Toufar model (Toufar et al., 1976), Dewar model (Dewar, 2002), Furnas model (Stovall et al., 1986), and CPM (De Larrard, 1999). The present study used the CPM to design asphalt mixture proportions. The CPM mainly optimizes gradation (Thushara and Murali Krishnan, 2022) and has been applied to different asphalt mixture types, including cold-emulsified asphalt mixtures (Wang and Dong, 2021), high-modulus asphalt mixtures (Moghaddam and Baaj, 2020), large stone porous asphalt mixtures (Yuan et al., 2020), and high-performance asphalt concretes (Olard and Perraton, 2010; Olard, 2012). Digital techniques have also been introduced to further explore the accumulation properties of mixtures (Bressi et al., 2016; Tan et al., 2017; Xing, 2018; Wang et al., 2022). However, the accumulation properties of RAP materials are seldom considered (Ding et al., 2019) and require further study.
2 COMPRESSIBLE PACKING MODEL
The third-generation compressible packing model proposed by LCPC better represents the interactions between different sizes of particles based on mathematical equations. The CPM establishes a correlation between the virtual packing density and the actual packing process. The CPM proposes a loosing effect coefficient, wall effect coefficient, and compaction index, as well as the virtual packing density (γ) and residual bulk density (β). A characteristic particle size exists among the size ranges. Moreover, the packing structure of a specified size class is influenced by particles of other size classes. The diameters of particles with different sizes (1, 2, and 3) are assumed, as shown in Eq. 1, in which particles [image: image] occupy the majority.
[image: image]
The particles [image: image] are influenced by the loosing effect caused by particles [image: image] and the wall effect caused by [image: image], as described in Figure 1.
[image: Figure 1]FIGURE 1 | System for the packing of multiple particles.
The packing density of ternary accumulation is calculated using Eqs 2 and 3:
[image: image]
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Eqs 2 and 3 can be used to determine the packing density γi of n-ary accumulation, as shown in Eq. 4:
[image: image]
The loosing effect coefficient [image: image] and wall effect coefficient [image: image] are obtained through tests, which are calculated as shown in Eqs 5 and 6.
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where “d” is the characteristic size, which is calculated in Eq. 7:
[image: image]
1.2 Actual packing density
Larrard proposed the compaction index K and found that the K value is determined only by the actual packing process, which is defined in Eq. 8:
[image: image]
where [image: image] is the general situation of n class particle size, with the i class the majority, which is calculated as shown in Eq. 9:
[image: image]
Thus, K is deduced in Eq. 10:
[image: image]
[image: image] replaces the “1” in Eq. 10. The formula for K is shown in Eq. 11:
[image: image]
The actual density is calculated using Eq. 11, in which [image: image] is the experimental control parameter and [image: image] is the characteristic value of the particle size class. [image: image] is obtained using Eq. 4. K is the increasing function of [image: image], illustrating that there is only a [image: image] value for any K value in Eq. 11.
For the accumulation of the same particles, K is calculated as shown in Eq. 12:
[image: image]
The K value reflects the compactness when different classes of particle sizes occupy the majority. As the K value increases, the actual accumulation density increases to the virtual accumulation density.
3 MODIFICATION OF THE INTERACTION COEFFICIENT IN THE CPM
The packing density is correlated with particle and particle morphology. However, in CPM, Eqs 4 and 5 only calculate the loosing and wall effects. The particle morphology is not considered, leading to differences between the predicted and actual accumulation densities. Therefore, the loosing and wall effects should be modified to consider the particle morphology.
The size ranges (4.75–9.5mm, 9.5–13.2 mm) were selected to allow binary accumulation at different proportions. The accumulation density was calculated (Table 1.
TABLE 1 | ccumulation densities of binary packing.
[image: Table 1]Based on De Larrard's research on the interaction coefficient, the expressions of the loosing and wall effect coefficients are shown in Eqs 13 and 14:
[image: image]
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The expression can be translated into Eqs 15 and 16:
[image: image]
[image: image]
According to the definition, the interaction coefficient and the ratio of characteristic particle sizes are 0–1. Thus, Eqs 15 and 16 can be translated to Eqs 17 and 18.
[image: image]
[image: image]
where [image: image] and [image: image] are the quantified values of sphericity considering the proportion of the i and j classes, [image: image] = [image: image],* [image: image] = [image: image],* [image: image].
According to Eqs 13, 14,17, and 18, the morphology values are calculated, as shown in Table 2.
TABLE 2 | Morphology values of the binary accumulations.
[image: Table 2]The function expressions of f ([image: image]; [image: image]) and g ([image: image]; [image: image]) are shown in Eqs 19 and 20.
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where [image: image] are undetermined constant values. Through Table 2 and binary regression, the constant values are determined. The final expression and coefficients are shown in Eqs 21 and 22.
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The modified loosing and wall effect coefficients were then brought into the CPM. The results of virtual and actual accumulation densities are shown in Table 3.
TABLE 3 | Differences in packing density.
[image: Table 3]4 PARTICLE PROPORTION DETERMINATION BASED ON THE MODIFIED CPM
The interlocking structure is easily influenced by the filling effect of the coarse aggregate. Therefore, the filling characteristics of coarse aggregate must be evaluated. The modified CPM can predict the density of coarse aggregate, which is directly correlated with the interlocking structure. This section mainly discusses the modified CPM in asphalt mixture design.
4.1 Binary particle proportions
The matrix compaction index [image: image] is defined as described in Eq. 23:
[image: image]
[image: image] is the maximum virtual accumulation density of an n-ary proportion and [image: image] is the minimal virtual accumulation density of n-ary proportion. [image: image] is the current virtual accumulation density.
The area coefficient (A) is the ratio of total surface area to the maximum total surface area that the n-ary particles can achieve different proportions, which is expressed as shown in Eq. 24:
[image: image]
[image: image] and [image: image] are the characteristic sizes of the binary particles, whose contents are x and y.
The equivalent spherical diameter is defined as the weighted average sum of the average size in each class of aggregate, which is expressed as shown in Eq. 25:
[image: image]
where [image: image] is the equivalent diameter of accumulation, [image: image] is the characteristic size of i class particles, and [image: image] is the content of i class particles.
The density, matrix compaction index [image: image], area coefficient, and equivalent spherical diameter of binary particles proportion (9.5/4.75, 13.2/4.75, and 16/4.75) were calculated as the mixture proportions increased. The results are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Variation diagrams in binary accumulation.
Based on Figure 2, the peak density value and the changing rate around the peak [image: image] value of all types increased as the proportion increased, indicating higher density in proportions with larger sizes. However, the structure was susceptible to the smaller sizes in binary particles, which easily caused segregation in pavement construction.
4.2 Effects of different matrix compaction indexes on the volumetric properties of the mixtures
The CPM model was applied in AC-13 mixture designs containing different matrix compaction indexes. The pass rates of 13.2 mm, 4.75 mm, and 0.075 mm were assumed to be 95%, 35%, and 7%. The matrix compaction indexes were set to 1, 0.8, 0.6, 0.4, and 0.3. The designed gradations are shown in Table 4.
TABLE 4 | Gradations on AC-13 containing different matrix compaction indexes.
[image: Table 4]The volumetric parameter variation with asphalt content is shown in Figure 3, where γ is the virtual accumulation density except for the mineral powder.
[image: Figure 3]FIGURE 3 | volumetric parameters with asphalt content.
According to Figure 3, the two methods were selected to determine the optimum asphalt content.
Method 1: The volumetric parameters were determined based on a 4% air void, as shown in Table 5.
TABLE 5 | Volumetric parameters based on a 4% air void.
[image: Table 5]Method 2: The volumetric parameters were determined based on the minimum VMA, as shown in Table 6.
TABLE 6 | olumetric parameters based on the minimum VMA.
[image: Table 6]4.3 Effects of different coarse aggregate contents on mixture volumetric properties
The volumetric properties and pavement performance of AC-13 containing different η based on the CPM were assessed. The pass rates of 13.2 mm and 0.075 mm were set to 95% and 6%. Moreover, η = 1. The pass rate for 4.75 changed. The designed gradations are shown in Table 7.
TABLE 7 | Pass rates of gradations containing different contents of coarse aggregates.
[image: Table 7]The parameters measured by the Marshall tests are shown in Table 8.
TABLE 8 | Marshall test results.
[image: Table 8]Methods 1 and 2 were applied to determine the optimum asphalt content and volumetric parameters. The results are shown in Table 9.
TABLE 9 | Parameters for different design methods.
[image: Table 9]The correlations between the optimum asphalt content and coarse aggregates are shown in Supplementary Figure S1. As the content of coarse aggregate increased, the optimum asphalt content based on method 2 first increased and then decreased. The minimum value, which was approximately 4.9, appeared at 60% content. As the content of coarse aggregates increased, the density decreased. In mixture design based on method 2, increasing asphalt improved the mixture density. However, the asphalt content could not be increased in terms of the asphalt film thickness. According to Supplementary Figure S1, the gradation corresponding to the minimum value of asphalt content was defined as the optimum gradation in method 2.
In method 1, the maximum and minimum values of optimum asphalt content were 68% and 72%, corresponding to 5.2% and 5.4%. In the anterior segment of the curve, as the content of coarse aggregate increased, the content of fine aggregate decreased. Meanwhile, the specific surface area decreased, causing reduced asphalt content. Between the minimum and maximum values, as the coarse aggregates increased, the VMA increased and there was enough space for asphalt. A tendency for increased optimum asphalt content was observed. Therefore, the minimum value for optimum asphalt content corresponded to the optimum gradation.
As the coarse aggregate content increased, the VMA increased. If more asphalt was added, the excess asphalt was easy to flow and a maximum value was obtained.
Supplementary Figure S2 shows a pie chart of K values and 4.75 mm passing rates. At the same virtual accumulation density, the actual accumulation density increases as the K value increases. The K value designed by method 2 is larger than that designed by method 1; thus, at a 4.75 mm passing rate, the K value and VMA can characterize the compactness. When the 4.75 mm passing rate is 20%, the K value designed by method 2 is larger than that designed by method 1. While the OAC for method 1 is 7%, the asphalt content is excessive, lowering the aggregate density. When the 4.75 mm passing rate is between 32% and 36%, the K values designed by the two methods are similar, showing that this range can satisfy both the air void and VMA requirements.
The relationship curves between the VMA, air void, and 4.75 mm passing rate are shown in Figure 4. According to the results, at the 32%–36% range, the VMA and air void obtained by the two methods are similar, which corresponds to the law similar to the K value as discussed previously.
[image: Figure 4]FIGURE 4 | Relationships among the VMA, VV, and 4.75 mm passing rate, (A)VMA. (B)VV.
4.4 K values of mixtures with different η for the same coarse aggregate contents
The K values at different η are analyzed. The relationships between K values and asphalt content are shown in Figure 5. The data were fitted to a quadratic polynomial and showed good correlation. In the Figure 5, at 35%, P4.75 and the K value at each η all increase and then decrease as the asphalt content increases because when the asphalt content increases to a certain value, the redundant asphalt interferes with the virtual accumulation density, which reduces the K value. As η decreases, the corresponding K value increases because the stacking clearance rate is lower at higher η. The proportion of coarse aggregate is high. At the same compaction, fine aggregates show lower compaction, causing a low K value. When the η is lower, the skeleton clearance rate is higher. The free space of fine aggregate increases, lowering the dry packing accumulation density.
[image: Figure 5]FIGURE 5 | K values for different asphalt contents.
Therefore, the correlation between the K value and asphalt content must be determined. The regression model is as follows:
[image: image]
where K is the compaction index and A, B, C, D, and E are the fitting parameters.
The quaternion regression was conducted using SPSS software. The results are shown in Table 10. R2 was 0.958, and the model showed good precision.
TABLE 10 | Regression coefficients.
[image: Table 10][image: image]
5 ASPHALT MIXTURE DESIGNS BASED ON THE MODIFIED CPM
5.1 Design flow chart
The asphalt content corresponding to the VMA minimum value is the optimum asphalt content, which was determined as described previously. The design process is as follows.
1) For gradation with different nominal sizes, after selecting the maximum nominal size passing rate, the η, 4.75 mm passing rate P4.75, and 0.075 mm passing rate P0.075 for different group mixtures are identified. Then, the corresponding gradations and mineral powder contents are determined through the compressible packing model.
2) The η, P4.75, and OAC (usually 4.5%, 5.0%, 5.5%, 6%, or 6.5%) are set as the inputs in the K value prediction model to obtain the K values for different asphalt contents of each gradation.
3) The virtual accumulation density is calculated through the CPM. The VMA is calculated using the mineral power volume. The actual accumulation density is calculated by the K value. The VV is then calculated by subtracting the asphalt volume absorbed by aggregate from the total asphalt volume.
4) After selecting the minimum VMA, the gradation with an acceptable VV range (usually 3%–5%) is selected as the optimum gradation.
5) The optimum asphalt content of the optimum gradation is determined through the minimum VMA design method and the parameter indexes; for instance, VV, is checked to satisfy the design requirements.
6) The pavement performance tests are conducted at the optimum proportions.
The flow chart is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Verification of asphalt mixture design based on the compressible packing model.
5.2 Application of the CPM design method
Diorite aggregate and mineral powder were chosen. SBS asphalt was selected for asphalt mixture design. The design air void range was 3%–5%. The minimum VMA was 13%. The chosen gradations are shown in Table 11.
TABLE 11 | Gradation design parameters.
[image: Table 11]The passing rates through the CPM are shown in Table 12.
TABLE 12 | Passing rates of the three gradation types.
[image: Table 12]The η, P4.75, asphalt contents (4.5%,5.0%,5.5%,6%, and 6.5%) are the inputs into the K value regression model. The K values of gradations with different asphalt contents are shown in Table 13.
TABLE 13 | K values for different asphalt contents.
[image: Table 13]The proportion of each sieve aggregate, virtual accumulation density, and actual accumulation density are shown in Table 14 and Table 15.
TABLE 14 | Proportion and K value of the aggregates.
[image: Table 14]TABLE 15 | ctual accumulation of the gradations for different asphalt contents.
[image: Table 15]The volumetric parameters are calculated, as shown in Tables 16, 17.
TABLE 16 | Mixture parameters.
[image: Table 16]TABLE 17 | Calculated parameters.
[image: Table 17]The relationships among asphalt content, VMA, and VV are shown in Supplementary Figure S3.
According to the Figure 7, the volumetric parameters are shown in Table 17.
[image: Figure 7]FIGURE 7 | elationships among VMA, VV, and asphalt content.
The Marshall tests of gradation 3 were conducted, and the volumetric parameters were measured. The results are shown in Table 18.
TABLE 18 | Marshall test results for gradation 3.
[image: Table 18]When the VMA is chosen as the minimum, Pa was 5.3% and the corresponding VV was 4.40%, which satisfied the VV requirement. The pavement performance tests were conducted at 5.3% Pa. The results are shown in Table 19.
TABLE 19 | Pavement performance for gradation 3.
[image: Table 19]6 CONCLUSION
This study designed asphalt mixtures by changing the parameters based on the compressible packing model and conducted pavement performance tests for different gradation types. Based on our results, we proposed an asphalt mixture design based on the compressible packing model. The main conclusions are as follows.
1. The matrix compaction index [image: image] was set as the design parameter based on the 4% air void and minimum VMA at a 4.75 mm passing rate. As the matrix compaction index [image: image] decreased, the optimum asphalt content of both methods increased, while the VMA decreased.
2. Analysis of the three gradations based on the proposed CPM design method showed that when the 4.75 passing rate was <28%, the optimum asphalt content based on the 4% air void method was higher. When the 4.75 passing rate was between 28% and 36%, the optimum asphalt contents of both methods were similar. When the 4.75 mm passing rate was >36%, the optimum asphalt content based on the 4% air void was lower.
3. K values were calculated based on volumetric parameters and the compressible accumulation model. At fixed gradation, the K peak value emerged as the asphalt content increased. At a fixed 4.75 mm passing rate, the K value increased as the matrix compaction index [image: image] increased. At a fixed matrix compaction index [image: image], the K value increased as the 4.75 mm passing rate increased.
4. An asphalt mixture design was suggested based on the modified compressible packing model. The results showed that the mixtures of gradation had good pavement performance and satisfied all standard requirements.
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