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Optimization of asphalt mixture
design based on the compressible
packing model

Yeermulati Muhadeer?, Sun Liang?*, Hao Peiwen?*, Li Ningbo? and
Wang Junbiao?

'CRCC Xinjiang Jing Xin Expressway CD, Ltd, Wulumugi, China, ?Chang an University, Xian, China

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
n and compactionindexes Kwere selected 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 x 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.

KEYWORDS

asphalt mixture, gradation design, compressible packing model, optimization,
compaction

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
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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 (y) and residual bulk density (). A characteristic
particle size exists among the size ranges. Moreover, the packing

loosening
effect

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 d, occupy the
~wall effect majority.

di>d,>ds (1)

The particles d, are influenced by the loosing effect caused by

FIGURE 1 particles ds and the wall effect caused by d;, as described in Figure 1.
t for th ki f ltipl ticles. . . . . .
system for the packing of multiple particles The packing density of ternary accumulation is calculated using

Eqs 2 and 3:

Via$s  Via$
asphalt mixtures (Wang and Dong, 2021), high-modulus asphalt Y=+ d ¢ =4p, [1 - 13_2¢13 - 11_2¢11] (1-¢,)+¢,
mixtures (Moghaddam and Baaj, 2020), large stone porous asphalt

= 1- 1 1- > 2
mixtures (Yuan et al, 2020), and high-performance asphalt Bty =B (Lt yo )y +y (1= 750)ps @
concretes (Olard and Perraton, 2010; Olard, 2012). Digital Y=y, = B
techniques have also been introduced to further explore the L=[1=B8,(1+ L) yn + (1= Asa)ys
accumulation properties of mixtures (Bressi et al., 2016; Tan _ B, 3)
et al, 2017; Xing, 2018; Wang et al, 2022). However, the 1- [1 — B, + bz1ﬁz(1 - ﬁL)]yl _ (1 _ az3%)y3
accumulation properties of RAP materials are seldom considered ' :

(Ding et al., 2019) and require further study. Eqs 2 and 3 can be used to determine the packing density yi of
n-ary accumulation, as shown in Eq. 4:
2 Compressible packing model " A (4)

1= 23;11 [1 -Bi+ bi]'ﬁi<1 - ;;L}.)]yj - Z?:m(l - aij%))’f
The third-generation compressible packing model proposed by
LCPC better represents the interactions between different sizes of The loosing effect coefficient a;; and wall effect coefficient b;; are
particles based on mathematical equations. The CPM establishes a  obtained through tests, which are calculated as shown in Eqs 5 and 6.

TABLE 1 ccumulation densities of binary packing.

Size range 4.75-9.5 mm:9.5-13.2 mm
Proportions 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Accumulation density 0.546 ‘ 0.549 ‘ 0.553 ‘ 0.557 0.561 0.563 0.569 ‘ 0.565 ‘ 0.559

TABLE 2 Morphology values of the binary accumulations.

Size range (mm) Proportion Loosing effect coefficient Wall effect coefficient ] j f (si,sj) g (si,sj)
4.75-9.5: 9.5-13.2 0.1 0.9550 0.9837 0066  0.599 03769 02226
02 0.9455 0.9555 0132 0532 0.4082 0.2943

03 0.9330 0.9063 0.197 0466 0.4480 0.3868

04 09372 0.8633 0263 0399 04349 0.4604

0.5 0.9561 0.8566 0329 0333 03732 04717

0.6 0.9399 0.7058 0395 0.266 0.4261 0.7487

0.7 0.9539 0.6486 0461 0.200 03806 0.8758

0.8 0.9888 0.8534 0526 0.133 0.2409 04771

0.9 0.9959 0.8781 0592 0.067 0.1911 04352
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TABLE 3 Differences in packing density.

Size range 4.75-9.5 mm:9.5-13.2 mm
Proportion 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Actual accumulation density 0.546 0.549 0.553 0.557 0.561 0.563 0.569 0.565 0.559
Before modification Calculated value 0.566 0.569 0.573 0.577 0.581 0.583 0.589 0.585 0.579
Relative error 3.66% 3.64% 3.62% 3.59% 3.57% 3.55% 3.51% 3.54% 3.58%
After modification Calculated value 0.557 0.561 0.566 0.567 0.575 0.577 0.580 0.572 0.569
Relative error 2.0% 2.2% 2.4% 1.8% 2.5% 2.5% 1.9% 1.2% 1.8%

The results showed that the modified CPM more accurately calculated the values compared to the unmodified CPM.
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FIGURE 2

Variation diagrams in binary accumulation.

1.2 Actual packing density

(5)
Larrard proposed the compaction index K and found that the K
4\ value is determined only by the actual packing process, which is
bjj=1- (1 - d_;> , (6)  defined in Eq. 8:
where “d” is the characteristic size, which is calculated in K = Z" L’ﬁi“ (8)
Eq. 7: =11-¢,/¢;
o ( d ) _ log, o (d min) + 108, (d ax) @) where qb: is the general situation of n class particle size, with the i
B10\4) 2 ' class the majority, which is calculated as shown in Eq. 9:
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TABLE 4 Gradations on AC-13 containing different matrix compaction indexes.

Passing rate (%)

10.3389/fmats.2023.1179114

0.8 100 95.0 58.7 35.0 267 204 157 12.0 9.2 7.0
0.6 100 95.0 65.3 35.0 267 204 157 12.0 9.2 7.0
04 100 95.0 722 35.0 267 204 157 12.0 9.2 7.0
0.3 100 95.0 79.1 35.0 267 204 157 12.0 9.2 7.0
TABLE 5 Volumetric parameters based on a 4% air void. % zn Vi / ﬁi
- i=1 1 i-1 n .
e {Zj:l [1 - bij(l - l/ﬁj)]yj - Zj:i+luijyj/ﬁj + yi/ﬁi}
(10)
Optimum asphalt content (%) 4.6 4.8 49 5.0 5.1 Y
z, y; replaces the “1” in Eq. 10. The formula for K is shown in
Bulk volume Relative density 2,615 2.598 2.603 2.601 2.587 Ea. 1 1’:1
q. 11:
VMA (%) 1392 1428 | 1428 1434 1472 18
_ n _ n YilP;
VFA (%) 7125 7150 | 7320 | 73.88 | 73.75 K= Zi=1K’ - Zi:ll _ 1 1n
The actual density is calculated using Eq. 11, in which y; is the
experimental control parameter and f3; is the characteristic value of the
¢; B; (9)  particle size class. y, is obtained using Eq. 4. K is the increasing function

- i-1 no g
1- Zj:l[l - bij<1 _ﬁ>]¢, - Zj=i+1#

of ¢, illustrating that there is only a ¢ value for any K value in Eq. 11.

For the accumulation of the same particles, K is calculated as

Thus, K is deduced in Eq. 10: shown in Eq. 12:

TABLE 6 olumetric parameters based on the minimum VMA.

Optimum asphalt content (%) 5.1 52 525 53 5.35
VV (%) 2.62 2.78 2.70 2.75 3.20

Bulk volume relative density 2.632 2.623 2.623 2615 2.600
VMA (%) 13.82 14.12 14.16 14.30 14.64

VFA (%) 81.20 80.25 81.00 80.25 77.75

The results of the two design methods indicated that the mixture had the largest bulk volume relative density for n = 1.

TABLE 7 Pass rates of gradations containing different contents of coarse aggregates.

20 100 95.0 42.5 20.0 16.3 134 11.0 9.0 7.3 6.0
24 100 95.0 45.3 24.0 19.0 15.1 12.0 9.5 7.6 6.0
28 100 95.0 48.1 28.0 21.6 16.7 13.0 10.0 7.8 6.0
32 100 95.0 50.9 32.0 24.1 18.2 13.9 10.5 7.9 6.0
36 100 95.0 53.7 36.0 26.6 19.7 14.7 10.9 8.1 6.0
40 100 95.0 56.5 40.0 29.0 212 15.5 11.3 8.2 6.0
44 100 95.0 59.3 44.0 314 225 16.3 11.7 8.4 6.0
Frontiers in Materials 04 frontiersin.org
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FIGURE 3

volumetric parameters with asphalt content.

K=1/(0) (12)

[2%
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.

Frontiers in Materials

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,
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TABLE 8 Marshall test results.

P4.75 (%) Pa (%) ¥f WV(%) VMA (%) VFA (%) Yactual Y K
20 4.3 2451 10.94 19.46 43.76 0.7534 0.8092 15.8
4.8 2485 8.99 18.75 52.06 0.7601 18.1
53 2.494 7.91 18.83 58.01 0.7593 17.8
5.8 2.493 7.21 19.24 62.53 0.7555 16.5
24 43 2463 10.39 18.97 4526 0.7581 0.8274 13.1
4.8 2.510 7.95 17.84 55.43 0.7686 15.6
53 2.540 6.08 17.23 64.73 0.7743 17.4
5.8 2534 557 17.83 68.74 0.7687 157
28 43 2.510 8.56 17.34 50.62 0.7734 0.8456 13.1
4.8 2548 6.40 16.47 61.15 0.7815 149
53 2571 4.80 16.12 70.22 0.7848 16.5
5.8 2578 3.81 1631 76.63 0.7830 153
32 43 2.556 6.87 15.81 56.54 0.7877 0.8710 119
4.8 2583 511 1532 66.64 0.7923 127
53 2.600 372 15.17 75.46 0.7937 129
5.8 2.605 2.78 15.41 81.97 0.7915 125
36 43 2.557 6.60 15.63 57.76 0.7895 0.8980 9.4
48 2594 4.47 14.81 69.80 0.7972 10.2
53 2.608 3.19 14.76 78.37 0.7976 103
5.8 2.612 227 15.02 84.90 0.7952 10.0
40 43 2.562 629 1537 59.07 0.7920 0.8955 9.9
48 2594 435 14.72 70.46 0.7981 10.6
53 2610 297 14.58 79.65 0.7994 107
5.8 2616 2.00 14.80 86.52 0.7973 10.0
44 43 2.558 630 15.41 59.09 0.7917 0.8877 105
48 2584 4.60 14.97 69.28 0.7958 111
53 2.606 299 14.63 79.53 0.7990 115
5.8 2612 2.02 14.85 86.37 0.7969 112
leading to differences between the predicted and actual d\?! (sis7)
accumulation densities. Therefore, the loosing and wall effects btJ =1- (1 - d_> . (14)
should be modified to consider the particle morphology. !
The size ranges (4.75-9.5mm, 9.5-13.2 mm) were selected to The expression can be translated into Eqs 15 and 16:
allow binary accumulation at different proportions. The £ (ss))
accumulation density was calculated (Table 1. (1 _ a.z.) _ <1 _ ﬂ) : (15)
Based on De Larrard’s research on the interaction coefficient, the v d;
expressions of the loosing and wall effect coefficients are shown in 4.\ 9 (i)
Eqs 13 and 14: (1-by) = (1 - j) : (16)
d. £ (sis5) According to the definition, the interaction coefficient and the
a;=\1- (1 - j) > (13)  ratio of characteristic particle sizes are 0-1. Thus, Eqs 15 and 16 can

be translated to Eqs 17 and 18.
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TABLE 9 Parameters for different design methods.

10.3389/fmats.2023.1179114

Design method P4.75 (%) 20 24 28 32 36 40 44
Method 1 Pa (%) 5.10 5.20 5.40 5.10 5.25 5.35 5.40
VV(%) 8.10 7.00 4.60 4.20 3.30 3.00 2.90
VMA (%) 18.60 17.30 16.10 15.20 14.70 14.55 14.61
VFA (%) 56.00 62.5 71.0 72.0 78.0 80.0 81.0
K 17.6 16.4 14.6 12.6 11.1 10.6 11.1
Method 2 Pa (%) 7.00 6.10 5.70 5.20 5.00 4.90 5.00
VMA (%) 22.70 18.50 16.70 15.20 14.70 14.60 14.90
VFA (%) 78.5 75.5 75.0 74.0 73.5 73.0 72.0
K 4.2 13.6 14.4 12.6 11.0 10.45 10.1
—e— Method 2 —e— Method 1 —e— Method 2 —*— Method 1
U45 9
8
22.5
- -
= 20 =< 6
= S
? 5
= 8s
6.5 ) \‘
14.
1
12.5 0
208 20 05 35 105, 20% 30% 35% 40%
4.75mm passing rate(%) 4.75mm passing rate(%)
FIGURE 4

Relationships among the VMA, VV, and 4.75 mm passing rate, (A)VMA. (B)VV.
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K values for different asphalt contents.

(17)

f(sisy) = log(lfj_f)(l -ag),

Frontiers in Materials

07

g(si,sj) = log(lid_i.)(l - hij), (18)
dj

where s; and s; are the quantified values of sphericity
considering the proportion of the i and j classes, s; = 5;* yi,s; =
;% Yj-

According to Eqs 13, 14,17, and 18, the morphology values are
calculated, as shown in Table 2.

The function expressions of f (s;; 5;) and g (s;5 s;) are shown in
Eqgs 19 and 20.

(19)
(20)

f(si,5) = ay + bys; + ¢y xs; + dyksprs),

f(Si, Sj) =a, + bz*s,' + Cz*Sj + dz*S,'*Sj,

where a;, b;,c;,andd; 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.

f(si,sj) = 0.315 — 0.352%s; + 2.050%s;s; (R? = 0.896),  (21)
f(si,5) = —0.06 + 0.676%s; + 4.045%s;%s5; (R* = 0.794).  (22)
frontiersin.org
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TABLE 10 Regression coefficients.

10.3389/fmats.2023.1179114

Coefficient a

Non-standardized coefficient Standard coefficient Significance
B Standard error Beta
1 (constant) -24.194 6.631 ~3.649 0.002
n*Pa> -0.108 0.040 -0.698 ~2.686 0.017
Pa® -1.333 0.242 -6.229 -5.502 0.001
Pa 14.644 2533 6.509 5781 0.001
n ~1.584 1.141 -0.323 ~1.388 0.185

a. Dependent variable:K

The regression model is determined as follows.

[ The asphalt mixture design based on the compressible packing 1

model
[ Raw materials tests ]
Fine aggregate density, fine Asphalt
aggregate natural packing density Coar::fuarglgrzgc;::: d;::ust'ylyand technological
and mineral powder density P 9 indexes

| |
I

[ Determine the Puws, Pars,Poors, 1y

e
J

I

Design the gradations based on the
compressible packing model

)

|

K value

l

Determine the optimum asphalt content

[ Select the gradation combined with the

based on the VMA

)

Satisfy the

volume
parameters

Satisfy the
pavement

performance
requirement

Determine the asphalt mixture
proportion

Figure 6

Verification of asphalt mixture design based on the compressible

packing model.

TABLE 11 Gradation design parameters.

P32 (%) P75 (%) Po.075 (%)
Gradation 1 0.7 95 40 7
Gradation 2 0.9 95 40 7
Gradation 3 0.7 95 30 7

Frontiers in Materials

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.

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 # is defined as described in Eq. 23:

y_))min

>
Ymax _Ymin

n= (23)

where 9 nax is the maximum virtual accumulation density of an
n-ary proportion and y i, is the minimal virtual accumulation
density of n-ary proportion. y 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:

A= ﬁ:d“(‘%*%)’ (24)
whered; and d, 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:

D= Z d,-ai, (25)
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TABLE 12 Passing rates of the three gradation types.

Passing rate (%) of sieves

10.3389/fmats.2023.1179114

Mineral powder (%)

Gradation 1 100 95.0 67.5 40.0 29.8 223 16.8 12,5 9.4 7.0 7
Gradation 2 ‘ 100 95.0 60.1 ‘ 40.0 ‘ 29.8 ‘ 22.3 ‘ 16.8 12.5 9.4 7.0 7
Gradation 3 ‘ 100 95.0 62.2 ‘ 30.0 ‘ 23.5 ‘ 18.4 ‘ 14.5 114 8.9 7.0 7

TABLE 13 K values for different asphalt contents.

Asphalt content (%)

Gradation 1 8.6 11.2 12.7 13.0 11.6
Gradation 2 ‘ 8.1 10.7 12.2 12.5 11.6
Gradation 3 ‘ 10.6 13.3 14.7 15.0 14.1

where D is the equivalent diameter of accumulation, d; is the
characteristic size of i class particles, and a; is the content of i class particles.

The density, matrix compaction index #, 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.

Based on Figure 2, the peak density value and the changing rate
around the peak 5 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.

The volumetric parameter variation with asphalt content is
shown in Figure 3, where y is the virtual accumulation density
except for the mineral powder.

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 14 Proportion and K value of the aggregates.

Method 2: The volumetric parameters were determined based
on the minimum VMA, as shown in 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 n) based on the CPM were assessed. The pass rates of
13.2 mm and 0.075 mm were set to 95% and 6%. Moreover, 1 = 1. The
pass rate for 4.75 changed. The designed gradations are shown in Table 7.

The parameters measured by the Marshall tests are shown in Table 8.

Methods 1 and 2 were applied to determine the optimum asphalt
content and volumetric parameters. The results are shown in Table 9.

The correlations between the optimum asphalt content and coarse
aggregates are shown in Supplementary Figure SI. 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.

0.075mm-2.36 mm

Gradation 1 5.4 30.2 29.1 10.8 24.6 0.8974
Gradation 2 ‘ 5.4 19.4 ‘ 345 ‘ 13.0 27.7 0.8851
Gradation 3 ‘ 5.4 35.4 ‘ 343 ‘ 7.5 17.5 0.8426
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TABLE 15 ctual accumulation of the gradations for different asphalt contents.

Asphalt content (%) 4 45 5 5.5 (¢

10.3389/fmats.2023.1179114

two methods are similar, which corresponds to the law similar to the
K value as discussed previously.

Gradation 1 0.7780 0.8023 0.8122 0.8140 = 0.8052

Gradation 2 0.7647 0.7850 0.8013 0.8031 0.7974 44 K Values Of mIXtures Wlth dlfferent r] for
the same coarse aggregate contents

Gradation 3 0.7556 0.7718 0.7780 0.7792 0.7755

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 satisty 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

TABLE 16 Mixture parameters.

The K values at different ) 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 1 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 n decreases, the
corresponding K value increases because the stacking clearance rate is
lower at higher n. The proportion of coarse aggregate is high. At the same
compaction, fine aggregates show lower compaction, causing a low K
value. When the n) is lower, the skeleton clearance rate is higher. The free
space of fine aggregate increases, lowering the dry packing accumulation
density.

Therefore, the correlation between the K value and asphalt
content must be determined. The regression model is as
follows:

Pa (%) VMineral powder (%) y aggregate (%) Pbe(%) VMA (%) W (%) VFA (%)
Gradation 1 4 6.22 83.3 329 16.7 8.9 46.9
45 6.44 86.2 3.75 13.8 45 67.1
5 653 87.4 421 126 21 83.5
55 6.54 87.5 4.67 125 0.8 93.6
6 6.50 86.9 5.11 13.1 03 97.5
Gradation 2 4 6.16 84.1 329 15.9 8.0 497
45 632 86.7 3.75 133 4.0 70.1
5 6.46 87.8 421 12.2 16 86.6
55 6.47 88.0 4.67 12.0 03 97.7
6 6.42 87.0 5.11 13.0 02 98.2
Gradation 3 4 6.10 0.817 325 183 10.8 416
45 623 0.834 3.85 16.6 7.7 53.4
5 6.28 0.841 435 15.9 5.9 63.0
55 629 0.842 4.84 15.8 46 70.5
6 6.26 0.838 534 16.2 4.0 75.1

TABLE 17 Calculated parameters.

Gradation type Gradation 1 Gradation 2 Gradation 3
Minimum VMA (%) 12.5 12.2 15.8
Asphalt content corresponding to the minimum VMA (%) 5.37 531 5.35
VV corresponding to the minimum VMA (%) 1.50 1.10 4.80

The VV of gradation 3 satisfied the design requirement and VMA>13%. Therefore, gradation 3 was the optimum gradation.
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FIGURE 7
elationships among VMA, VV, and asphalt content.

TABLE 18 Marshall test results for gradation 3.

W(%) VMA (%) VFA (%)
45 2523 7.57 16.82 54.97
5.0 2562 538 15.93 ‘ 66.23
55 2580 3.98 ‘ 15.76 ‘ 74.74
6.0 2575 342 16.32 ‘ 79.05

The relationships among asphalt content, VMA, and VV are shown in Supplementary
Figure S3.
K = A + BxnxP,? + C#P,* + D*P, + Exz, (26)

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. R? was 0.958, and the model showed good precision.
K =-24.194 - 0.108**P,” — 1.333*P,* + 14.644*P, — 1.584*y.

(27)

5 Asphalt mixture designs based on the
moadified 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.

TABLE 19 Pavement performance for gradation 3.

Rutting test

Low-temperature bending test

12 - —=— Gradation 1
—<— Gradation 2
—— Gradation 3

\A

Zx:

E——

4.0 45 50 55 6.0
Asphalt content(%)

1

~

For gradation with different nominal sizes, after selecting the
maximum nominal size passing rate, the #, 4.75 mm passing rate
P75, and 0.075 mm passing rate Py 5 for different group mixtures are
identified. Then, the corresponding gradations and mineral powder
contents are determined through the compressible packing model.

The 7, 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

2

~

values for different asphalt contents of each gradation.

W
~

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.

'S
=

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, V'V, is checked to satisfy the
design requirements.

The pavement performance tests are conducted at the optimum
proportions.

&)
=

The flow chart is shown in Figure 6.

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

Freeze-thaw splitting test Immersion Marshall test

Index Dynamic stability (times/mm)

Results 5,687.3 3,152.7

Maximum bending tensile strain (je)

TSR (%) Residual stability (%)

86.3 92.4

The results showed that the mixtures of gradation had good pavement performance and satisfied all standard requirements.
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was 3%-5%. The minimum VMA was 13%. The chosen gradations
are shown in Table 11.

The passing rates through the CPM are shown in Table 12.

The #, P75, 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.

The proportion of each sieve aggregate, virtual accumulation
density, and actual accumulation density are shown in Table 14 and
Table 15.

The volumetric parameters are calculated, as shown in
Tables 16, 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.

The Marshall tests of gradation 3 were conducted, and the
volumetric parameters were measured. The results are shown in
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.

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 5 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 5 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 4.75mm 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
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