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Gradation optimization of AC-20
asphalt mixture based on the
fuzzy analytic hierarchy process
and comprehensive evaluation
method

Fu Zhu, Shengyu Zhang, Wenyi Chen and Hua Rong*

School of Transportation Science and Engineering, Jilin Jianzhu University, Changchun, China

The aggregate gradation of asphalt mixture is one of the most important
factors affecting the service life of asphalt pavement. In order to study the
gradation of asphalt mixture with the best comprehensive performance, this
study puts forward a new method of mineral aggregate gradation optimization
based on the fuzzy analytic hierarchy process and comprehensive evaluation
method, aiming at the multi-level and multi-index evaluation of the road
performance of asphalt mixture. First, the orthogonal test design method is
applied to design nine target gradations with coarse aggregate (>4.75 mm)
and fine aggregate (<4.75 mm) of AC-20 (asphalt concrete) mixture serving as
two factors and the upper, middle, and lower positions of the gradation curve
as three levels, and then the road performance test research is carried out.
Second, a comprehensive model for evaluation of road performance of mineral
aggregate gradation is established. A fuzzy complementary judgment matrix
is constructed, and the index weights of each level and the hierarchical total
ranking weight are calculated. Then, the membership function is introduced
into the comprehensive evaluation model for the road performance of mineral
aggregate gradation, and the membership values of each index of asphalt
mixture road performance are obtained. Finally, the fuzzy comprehensive
evaluation method is used to find out the comprehensive evaluation value
of the road performance of the nine graded asphalt mixtures, and the
mineral aggregate gradation is optimized. The research results show that the
1# gradation of the asphalt mixture has the highest comprehensive road
performance evaluation value, and the combination of the fuzzy hierarchical
analysis process and comprehensive evaluation method can more objectively
and comprehensively evaluate the comprehensive road performance of the
asphalt mixture and provide a useful reference for the optimal selection of
asphalt mixture mineral gradation.

KEYWORDS

AC-20 asphalt mixture, fuzzy hierarchical analysis process, fuzzy comprehensive
evaluation method, gradation optimization, orthogonal design

1 Introduction

The performance of asphalt pavements will inevitably degrade gradually due to all
the year round exposure to traffic loads and environmental factors (Chen et al., 2020). In
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addition, mineral aggregate gradation has an important influence
on the tensile strength, fatigue resistance, deformation resistance
at high temperature, crack resistance at low temperature, and
water damage resistance of the asphalt mixture (Tayfur et al., 2007;
Moghaddam et al., 2011; Li et al., 2020; Zhai, et al., 2019). Due to
the wide gradation range of the specifications and the differences
in climatic conditions and materials in each region, it is often
impossible to completely apply the specification in gradation design.
The orthogonal test design method deals with multi-factor tests,
which can infer better test conditions through fewer test times
and provide more comprehensive test results (Lu and Zhang,
2018). For the multi-index orthogonal test of asphalt mixture,
the comprehensive scoring method and comprehensive balance
method are often used to transform it into a single-index test
problem for comprehensive optimization, and the results often
lose comprehensiveness because of the differences in each index
(Hu et al., 2021; Cheng et al., 2019).

In recent years, scholars around the world have used
mathematics andmachine algorithms to optimizemineral aggregate
gradation. Pan et al. (2020) developed a gradation segregation
model based on the fractal dimension to evaluate the variability
of reclaimed asphalt pavement (RAP) gradation and then proposed
an optimized gradation design method based on Mohr–Coulomb
theory to reduce the variability of RAP gradation. Xue and
Jiang (2022) used the discrete element method to obtain the
interlock-coarse gradation of the AC-20 asphalt mixture and
determined the interlock-dense gradation, and compared with the
specific gradation, the Marshall stability, dynamic stability, shear
strength, and splitting strength of the AC-20 asphalt mixture with
interlocking dense gradation are all improved. Sivilevičius et al.
(2011) constructed the models of constrained and unconstrained
non-linear optimization to choose the best HMAmixture gradation.
Sebaaly et al. (2018) developed simple multilayer perceptron
structure artificial neural network (ANN) models and used a non-
linear constrained genetic algorithm to call the ANN model to
optimize the aggregate gradation of the asphalt mixture. Wang et al.
(2021) proposed a gradation optimization method based on the
fractal theory method and trial calculation method, and the
gradation obtained by the two methods was simulated based on
particle flow code in two dimension (PFC2D); the results showed
that the asphalt mixture with optimized gradation based on the
fractal theory method had higher strength and better stability.
Most of these gradation optimization methods are based on the
performance of the asphalt mixture, but the results obtained are
different. In order to solve the problems encountered when using
the conventional methods mentioned above, this article takes the
AC-20 asphalt mixture as an example, uses the fuzzy analytic
hierarchy process and fuzzy comprehensive evaluation method to
fully characterize multiple factors and indicators of asphalt mixture
road performance, conducts fuzzy comprehensive evaluation on the
experimental results of asphalt mixture road performance of nine
mineral aggregate gradations, and selects the mineral aggregate
gradation with the best comprehensive performance.

Fuzzy analytic hierarchy process and fuzzy comprehensive
evaluation, as fundamental fuzzy mathematical methods, have
certain universality and scalability, and are widely used in various
fields (Xu et al., 2023; Li et al., 2023; Arman, 2023). However, few
studies have comprehensively applied the two methods to the

optimization of asphalt mixture gradation. This paper proposes a
mineral aggregate gradation optimization method that is suitable
for the results of multi-index orthogonal experiments of asphalt
mixtures by combining the fuzzy analytic hierarchy process and
fuzzy comprehensive evaluation method. The application of fuzzy
mathematical methods has established a theoretical foundation
for the analysis of multi-index orthogonal test results of asphalt
mixtures, enriching the multi-index evaluation system of asphalt
mixtures. First, on the basis of completion of the road performance
tests of asphalt mixture with nine mineral aggregate gradations
designed by the orthogonal test, the road performance evaluation
model of the asphalt mixture with mineral aggregate gradation
is constructed. Second, by constructing the fuzzy complementary
judgmentmatrix, consistency test, and calculating the indexweights,
the total ranking weight of the comprehensive evaluation index
of aggregate gradation road performance is calculated. Finally, on
the basis of completion of the evaluation object, evaluation index,
membership function, and fuzzy comprehensive evaluation matrix,
the fuzzy comprehensive evaluation values of ninemineral aggregate
graded asphalt mixtures are calculated, the comprehensive road
performance ranking is determined, and the best mineral aggregate
gradation is presented.

2 Methodology

Themethod flow of this study is shown in Figure 1.

2.1 Fuzzy analytic hierarchy process

In the 1970s, Saaty T. L., an American expert in operational
research, put forward a systematic decision analysis method
combining qualitative and quantitative analyses, namely, the analytic
hierarchy process (Saaty, 1990). However, the traditional analytic
hierarchy process has some problems, such as difficulty in testing the
consistency of the judgment matrix, the complexity of adjustment,
and the lack of scientificity. Meanwhile, due to the uncertainty
of human thinking, ignoring the fuzziness of human behavior
may lead to mistakes in decision (Ahmed and Kilic, 2019;
Jaganathan et al., 2007; Zhang et al., 2021). Therefore, in view of the
fuzziness of the target to be evaluated, this paper introduces the fuzzy
mathematical analysis method into the analytic hierarchy process
and establishes a multi-level comprehensive evaluation model.

2.1.1 Establish hierarchical analytic structure
model

The fuzzy analytic hierarchy process can be used to construct
a multi-level hierarchical analytic structure model according to
the different attributes of the problem to be evaluated. The basic
principle is to decompose first and then synthesize, select some
factors and indexes related to the target to be evaluated, and
then construct a hierarchical analytic structure model according
to the relative importance and affiliation between the factors
and indexes (Han et al., 2020).
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FIGURE 1
Flowchart of the fuzzy analytic hierarchy process and comprehensive evaluation method.

2.1.2 Construct fuzzy complementary judgment
matrix

When the multi-level analytic structure model is established,
for the factors or indexes of the same level, the target or factors
of the previous level need to be used as a criterion for two
comparisons, and the importance of the indexes can be assigned
by the “0.1–0.9” comparison scale. A comparison scale aij can
be used to express the relative importance of two factors in
the next level, and the rules for the value of aij are shown
in Table 1.

2.1.3 Consistency test of the fuzzy
complementary judgment matrix

After constructing the fuzzy complementary judgment matrix,
it is necessary to check its consistency, and if Equation 1 is not
satisfied, the non-consistency matrix needs to be transformed
into a new fuzzy consistency judgment matrix by Equation 2
(Xu, 2001).

rij = rik − rjk + 0.5, (1)

rij =
ri − rj
2(n− 1)

+ 0.5, (2)

where i = 1, 2, … , n; j = 1, 2, … , n; k = 1, 2, … , n.

2.1.4 Calculate the index weights of the fuzzy
complementary judgment matrix

By comparing the relative importance between two
elements, the fuzzy complementary judgment matrix

TABLE 1 Scale value and definition (Xie and Liu, 2006).

Scale value Definition

0.1 In comparing two elements, the latter is extremely more
important than the former

0.3 In comparing two elements, the latter is significantly more
important than the former

0.5 In comparing two elements, the latter is as important as the
former

0.7 In comparing two elements, the former is significantly more
important than the latter

0.9 In comparing two elements, the former is extremely more
important than the latter

0.2, 0.4, 0.6, 0.8 The middle value of the two adjacent scales above

Thematrix A = (aij)n×n based on the scale value aij is called the fuzzy complementary
judgment matrix.

A = (aij)n×n is obtained, and the weight vector of matrix A is
W = [w1,w2,…,wn]

Τ, and the weight calculation equation is
as follows (Xu, 2001).

wi =

n

∑
j=1

aij +
n
2
− 1

n(n− 1)
, (3)

where i = 1, 2, … , n; j = 1, 2, … , n.
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TABLE 2 Main technical indexes test results of modified asphalt.

Technical index Unit Standard value Test value

Penetration degree
(25°C)

0.1 mm 60∼80 66.3

Penetration index — ≥−0.4 −0.25

Ductility (5°C) cm ≥30 75

Softening point °C ≥55 58

Density (15°C) g/cm3 Measured value 1.0091

Mass loss after aging % −0.1∼0.1 0.035

Penetration ratio after
aging

0.1 mm ≥60 63

Residual ductility (5°C) cm ≥20 37

TABLE 3 Main technical indexes test results of aggregate.

Technical index Unit Standard value Test value

Crushing value of the
coarse aggregate

% ≤28 10.69

LA abrasion value of the
coarse aggregate

% ≤30 14.94

Relative density of
19–26.5 mm andesite

— — 2.686

Relative density of
9.5–19 mm andesite

— — 2.659

Relative density of
2.36–4.75 mm andesite

— — 2.626

Relative density of
0–2.36 mm andesite

— — 2.739

Adhesion between
asphalt and aggregate

Level — 3

2.1.5 Calculate hierarchical total ranking
Assume that there areK layers in an evaluation index system and

in order to determine the ranking weight of each element in the Kth
layer corresponding to the relative importance of the target layer, it
is necessary to multiply the weight of each element layer by layer,
as shown in Equation 4.

WK = [wK
1 ,w

K
2 ,⋯,w

K
nK]

Τ = [WK
1 ,W

K
2 ,…,W

K
K−1]W

K−1. (4)

2.2 Fuzzy comprehensive evaluation
method

2.2.1 Determine the evaluation object and index
In order to evaluate the comprehensive road performance of the

AC-20 asphalt mixture, it is necessary to determine the evaluation

object and evaluation index of the evaluation model first. The
road performance test results of nine mineral aggregate gradations
are taken as the evaluation object, and the evaluation index set
is composed of six indexes, namely, dynamic stability, Marshall
stability, voids filled with asphalt, void ratio, immersion Marshall
stability, and freeze–thaw splitting tensile strength ratio.

2.2.2 Determine membership function and fuzzy
comprehensive evaluation matrix

Since different evaluation indexes have different representational
meanings and dimensions, if the indexes are to be comparable
with each other, the indexes can be standardized. According to
the Technical Specification for Construction of Highway Asphalt
Pavements (JTG F40-2004, 2004) of China, the evaluation index
properties can be divided into maximal, intermediate, and minimal
indexes. The Marshall stability is not less than 8 kN, the dynamic
stability is not less than 2,400 times/mm, the immersion Marshall
stability is not less than 85%, and the freeze–thaw splitting tensile
strength ratiomust be at least 80%: these four indexes can be regarded
asmaximumindexes.Therecommendedrangeofvoid ratio is 3%–6%,
and that of effective asphalt saturation is 55%–70%, which can be
regarded as intermediate indexes.

Dynamic stability,Marshall stability, immersionMarshall stability,
and freeze–thaw splitting tensile strength ratio are all maximum
indexes, and the membership function is shown in Equation 5.

rij =
aij

max
j
{aij}
. (5)

Void ratio and voids filled with asphalt are intermediate indexes,
and their membership function is shown in Equation 6.

rij = 1−
|aij − k|

max{|aj − k|}
, (6)

where i = 1, 2, … , 9; j = 1, 2, … , 6; k is the middle value of the
recommended range in the specification (JTG F40-2004, 2004).

Through the above membership function equation to obtain the
membership value of each evaluation index for the road performance,
the fuzzy comprehensive evaluation matrix R can be established.

2.2.3 Calculate fuzzy comprehensive evaluation
value

According to the fuzzy comprehensive evaluation matrix and the
hierarchical total ranking weight, the fuzzy comprehensive evaluation
value F can be determined, as shown in the following equation.

F = R×WK. (7)

3 Engineering example

3.1 Raw material test

The Jicao Expressway is located in the transitional zone from
the hinterland of Changbai Mountain in central and southern
Jilin Province to the Songnen Plain. It belongs to a seasonal
frozen soil area, and the road surface damage caused by repeated
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TABLE 4 Orthogonal design factor and level table of AC-20.

Level Percentage passing of each sieve (%)

Coarse aggregate Fine aggregate

26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

1 100 95 85 71 61 41 30 22.5 16 11 8.5 5

2 100 97.5 88.5 75.5 66.5 41 37 27.75 20 14 10.75 6

3 100 92.5 81.5 66.5 55.5 41 23 17.25 12 8 6.25 4

TABLE 5 Synthetic aggregate gradation of AC-20.

Gradation Percentage passing of each sieve (%)

26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

1# 100.0 92.6 85.4 74.4 58.7 41.1 28.8 22.6 17.5 12.3 8.2 4.6

2# 100.0 92.6 85.0 73.3 56.6 41.3 31.9 27.3 21.9 15.1 9.7 5.1

3# 100.0 92.5 85.4 74.4 58.8 40.6 24.8 16.4 11.7 8.6 6.2 3.8

4# 100.0 94.8 88.3 78.2 63.8 41.3 28.1 22.0 17.0 12.0 8.1 4.5

5# 100.0 95.3 88.6 78.1 63.1 41.6 31.7 27.6 22.3 15.4 9.9 5.3

6# 100.0 95.2 89.9 79.0 64.9 40.7 24.4 16.4 11.8 8.6 6.2 3.7

7# 100.0 89.9 82.0 70.0 53.0 41.3 29.0 21.9 16.7 11.9 8.1 4.6

8# 100.0 89.9 81.6 69.1 51.3 41.4 32.1 26.8 21.4 15.0 9.9 5.4

9# 100.0 89.9 82.2 70.7 54.4 41.0 25.4 16.4 11.5 8.5 6.2 3.8

TABLE 6 Road performance test results of AC-20 (Zhu, 2010).

Gradation Coarse
aggregate

level

Fine
aggregate

level

Oil–stone
ratio
(%)

Dynamic
stability
(times/
mm)

Marshall
stability
(kN)

Voids
filled
with

asphalt
(%)

Void
ratio
(%)

Immersion
residual

stability (%)

Freeze–thaw
splitting
tensile

strength ratio
(%)

1# P1 Q1 5.3 7,875 11.9 67.8 4.6 124.2 102.98

2# P1 Q2 5.3 3,500 12.0 71.1 4.1 112.8 92.06

3# P1 Q3 5.3 3,938 8.5 47.6 10.3 97.1 73.16

4# P2 Q1 5.3 7,000 8.4 63.5 5.1 97.4 90.17

5# P2 Q2 5.3 6,300 12.9 68.1 4.7 97.2 104.36

6# P2 Q3 5.3 3,000 8.1 55.0 7.8 101.9 98.59

7# P3 Q1 5.3 7,000 11.5 74.7 3.5 109.3 103.98

8# P3 Q2 5.3 2,625 14.4 77.6 3.0 87.3 96.96

9# P3 Q3 5.3 7,875 8.5 56.1 7.6 101.7 100.4
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FIGURE 2
Comprehensive evaluation model of aggregate gradation road performance.

TABLE 7 Evaluation index weights.

Target layer Standard layer Weight Index layer Weight Hierarchical total ranking weight

L

M1 0.450

N1 0.383 0.172

N2 0.321 0.145

N3 0.296 0.133

M2 0.550

N4 0.383 0.211

N5 0.308 0.169

N6 0.308 0.169

freeze–thaw cycles is severe, requiring high road performance. The
Jicao Expressway used the modified AC-20 asphalt mixture as the
middle layer material of asphalt pavement, coarse aggregate and fine
aggregate were used as andesite, and the filler was andesite mineral
powder. The technical performance test results of raw materials are
shown in Tables 2, 3.

3.2 Design and synthesis of mineral
aggregate gradation

In this paper, within the range of gradation given in
the specification (JTG F40-2004, 2004), the 4.75-mm sieve is
used as the dividing sieve, and coarse aggregate (>4.75 mm)
and fine aggregate (<4.75 mm) are two factors affecting the
road performance of asphalt mixture, and each factor selects
three levels, namely, middle, upper, and lower positions of the
gradation curve, with the middle position being the middle

value of the gradation range, the upper position being the
bisector of the upper limit and middle of the gradation range,
and the lower position being the bisector of the middle and
the lower limit of the gradation range, as shown in Table 4.
For two factors and three levels, nine initial design gradations
were obtained by using the L9 (34) orthogonal table (Zhu,
2010), and then the synthetic gradations were calculated
according to the design gradations and aggregate sieving results,
as shown in Table 5.

According to the Standard Test Methods of Bitumen and
Bituminous Mixtures for Highway Engineering (JTG, E20-2011,
2011) of China, the density test (T 0706-2011) andMarshall stability
test (T 0709-2011) of the asphaltmixture composed of nine synthetic
gradations were carried out. The test results showed that the best
oil–stone ratio of asphalt mixture specimens of nine gradations
was close to 5.3%. Therefore, in order to avoid the influence of
oil–stone ratio factor on the road performance of the asphalt
mixture, the oil–stone ratio of nine gradations was taken as 5.3%.
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TABLE 8 Membership value of evaluation indexes.

Gradation Dynamic
stability

(times/mm)

Marshall
stability (kN)

Voids filled
with asphalt

(%)

Void ratio (%) Immersion
Marshall

stability (%)

Freeze–thaw
splitting
tensile

strength ratio
(%)

1# 1 0.826 0.649 0.983 1 0.987

2# 0.444 0.833 0.430 0.931 0.908 0.882

3# 0.500 0.590 0.013 0 0.782 0.701

4# 0.889 0.583 0.934 0.897 0.784 0.864

5# 0.800 0.896 0.629 0.966 0.783 1

6# 0.381 0.563 0.503 0.431 0.820 0.945

7# 0.889 0.799 0.192 0.828 0.880 0.996

8# 0.333 1.000 0 0.741 0.703 0.929

9# 1 0.590 0.576 0.466 0.819 0.962

Under the optimal oil–stone ratio conditions, Marshall stability
and immersion Marshall test (T 0709-2011), rutting test (T 0719-
2011), and freeze–thaw splitting test (T 0729-2011) were carried
out according to specification (JTG, E20-2011, 2011), and the test
results of asphalt mixture road performance indexes were obtained
as shown in Table 6.

3.3 Establish the comprehensive evaluation
model for road performance

The AC-20 asphalt mixture as the pavement middle layer
material, its high-temperature stability, and water stability should be
the primary considerations. Therefore, this paper uses the principle
of the analytic hierarchy process, takes the road performance of
mineral aggregate gradation as the target layer (L), takes the high-
temperature stability and water stability of the asphalt mixture
as the two major factors in the standard layer (M), and the
dynamic stability, Marshall stability, voids filled with asphalt, void
ratio, immersionMarshall stability, and freeze–thaw splitting tensile
strength ratio of six indexes included in the index layer (N) so as to
construct a comprehensive evaluation model of mineral aggregate
gradation road performance, as shown in Figure 2.

3.4 Determine the fuzzy complementary
judgment matrix and the evaluation index
weight

According to the comprehensive evaluation model of mineral
aggregate gradation road performance established in Figure 1,
consulting with road industry experts and using the 0.1–0.9
scale method in Table 1, a fuzzy judgment matrix for the target layer
based on two factors in the criterion layer is constructed as shown in

A1.The fuzzy judgment matrix for high-temperature stability based
on three indicators, namely, dynamic stability, Marshall stability,
and effective asphalt saturation, is constructed as shown in A2. The
fuzzy judgment matrix for water stability based on three indicators,
namely, porosity, immersion Marshall stability, and freeze–thaw
splitting tensile strength ratio, is constructed as shown in A3.

A1 = [

[

0.5 0.4

0.6 0.5
]

]
.

A2 =
[[[[

[

0.5 0.7 0.7

0.3 0.5 0.6

0.3 0.4 0.5

]]]]

]

.

A3 =
[[[[

[

0.5 0.7 0.7

0.3 0.5 0.5

0.3 0.5 0.5

]]]]

]

.

3.5 Consistency test of the judgment
matrix

Because the second-order matrix itself has consistency, it
is not necessary to check the consistency of A1, but only to
check the consistency of A2 and A3. The transformed consistent
complementary judgment matrices are as follows.

A2 =
[[[[

[

0.500 0.625 0.675

0.375 0.500 0.550

0.325 0.450 0.500

]]]]

]

.
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FIGURE 3
Influence of gradation curve position on high-temperature stability.
(A) Dynamic stability. (B) Marshall stability. (C) Voids filled with asphalt.

FIGURE 4
Influence of gradation curve position on water stability. (A) Void ratio.
(B) Immersion Marshall stability. (C) Freeze–thaw splitting tensile
strength ratio.

Frontiers in Materials 08 frontiersin.org

https://doi.org/10.3389/fmats.2024.1423835
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Zhu et al. 10.3389/fmats.2024.1423835

FIGURE 5
Fuzzy comprehensive evaluation value.

A3 =
[[[[

[

0.500 0.650 0.650

0.350 0.500 0.500

0.350 0.500 0.500

]]]]

]

.

By substituting A1, as well as the transformed A2 and A3
consistent complementary judgment matrices, into Formula 3, the
weights of each evaluation factor can be obtained. Then, according
to Formula 4, the ranking weight vector of the evaluation indicators
relative to the overall goal can be obtained. The specific data
are shown in Table 7.

3.6 Fuzzy comprehensive evaluation

After determining the hierarchical total ranking weight of the
index layer, the aggregate gradation is optimized by combining fuzzy
comprehensive evaluation, and themembership values of each index
in nine gradations are calculated according to Equations 5, 6, as
shown in Table 8. Calculate the average membership value of six
indexes under different factors and levels, and obtain the change
relationship diagram between each index and factor and level, as
shown in Figures 3A–C, 4A–C.

As can be seen from Figure 3A, the dynamic stability of mineral
aggregate gradation obtained by combining the lower position of
the coarse aggregate gradation curve with the middle position
of the fine aggregate gradation curve (P3Q1) is better, and the
asphalt mixture composed of it has higher rutting resistance
under high temperature. A large amount of coarse aggregates bear
the main load, while the fine aggregates in the middle fill the
pores. These two types of aggregates are mutually embedded and
squeezed, forming a good skeleton structure with high resistance
to shear slip and compression deformation. Therefore, it has high
dynamic stability, fewer ruts, and good high-temperature stability.
As can be seen from Figure 3B, the combination of the lower
position of the coarse aggregate gradation curve and the upper

position of the fine aggregate gradation curve (P3Q2) gives the
best Marshall stability of the mineral aggregate gradation, so the
strength of the asphalt mixture is higher. Because the structural
changes of fine aggregates can better affect the Marshall stability of
asphalt mixtures, Q2 has more fine aggregates and bears stronger
extrusion pressure during the experimental process, resulting in
higher stability (Xu et al., 2008). As can be seen from Figure 3C,
the voids filled with asphalt of mineral aggregate gradation formed
by the upper position of the coarse aggregate gradation curve
and the middle position of the fine aggregate gradation curve
(P2Q1) is the closest to the median, and the asphalt mixture is
more durable.

It can be seen from Figure 4A that the combination of the void
ratio closest to the median is the upper position of the coarse
aggregate gradation curve and the middle position of the fine
aggregate gradation curve (P2Q1), and the asphalt mixture formed
by its mineral aggregate gradation has better water resistance and
plastic deformation resistance. Figures 4B, C show that the mineral
aggregate gradation formed by the combination of middle position
of coarse aggregate gradation curve and middle position of fine
aggregate gradation curve (P1Q1) and middle position of coarse
aggregate gradation curve and lower position of fine aggregate
gradation curve (P1Q3) has the best immersion Marshall stability
and freeze–thaw splitting tensile strength ratio, and asphalt mixture
has the best water stability. An appropriate proportion of coarse and
fine aggregates can improve the water resistance of asphalt mixtures,
reduce the likelihood of water loss and damage, and avoid cracking
and damage.

According to Equation 7, the fuzzy comprehensive evaluation
value F of nine gradations can be obtained as shown in Figure 5.

From Figures 3, 4, it can be seen that the evaluation of
high-temperature stability and water stability of asphalt mixture
needs single-index analysis, and the optimal combination scheme
determined by different indexes is different. However, the fuzzy
comprehensive evaluation method can be used to obtain the
membership value of each index of each gradation, and finally
the gradation with the best comprehensive performance of asphalt
mixture can be determined by the fuzzy comprehensive evaluation
value. According to the maximum membership principle of fuzzy
theory, it can be seen from Figure 5 that the comprehensive
road performance of nine gradations is ranked as 1# > 5#>4# >
7#>2# > 9#>8# > 6#>3#, so the best aggregate gradation is the
1# gradation.

The use of the fuzzy analytic hierarchy process and
comprehensive evaluation method can enable us to have
better grading selection. By selecting a better grading,
we can improve the material performance, save costs and
resources, improve construction quality, and extend project
life, thereby promoting the development and progress of
engineering and materials fields. Therefore, precise selection and
optimization of gradation have important practical significance
and value.

4 Conclusion

This article is based on the Jicao Expressway project to
conduct research on the optimal gradation of intermediate layer

Frontiers in Materials 09 frontiersin.org

https://doi.org/10.3389/fmats.2024.1423835
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Zhu et al. 10.3389/fmats.2024.1423835

asphalt mixtures and proposes a theoretical system suitable for
gradation optimization analysis. First, the Marshall stability test,
immersion Marshall test, rutting test, and freeze–thaw splitting test
were conducted on nine experimental groups to obtain the road
performance indicators of asphalt mixture. Then, the fuzzy analytic
hierarchy process and fuzzy comprehensive evaluationmethod were
used to evaluate the road performance of nine graded asphalt
mixtures and select the gradation ratio. The main conclusions are
as follows.

(1) This study established a multi-level evaluation model for
the performance of AC-20 asphalt mixture pavement using
the analytic hierarchy process (AHP). Six indicators affecting
the two factors were determined with the high temperature
stability and water stability of the intermediate layer as the
primary consideration factors. The relative importance and
membership relationship between each factor and indicator
were fully considered, improving the objectivity and accuracy
of the comprehensive evaluation of asphalt mixture pavement
performance.

(2) Using fuzzy mathematics theory and analytic hierarchy
process to calculate the evaluation index weight of asphalt
mixture road performance and determining the index weight
vector through the fuzzy consistent judgment matrix can
reduce the subjective one-sidedness of the traditional expert
scoring method. The membership function is introduced,
and the membership value is calculated, which solves the
incomparability between indexes. The proposed evaluation
system andweight determinationmethod provide a theoretical
basis for subsequent research on the road performance of
asphalt mixtures.

(3) This study solves the problem of only obtaining the
optimal combination scheme for a single indicator and is
unable to obtain the optimal gradation for comprehensive
road performance. Based on the fuzzy analytic hierarchy
process and comprehensive evaluation method, the
optimal gradation for the AC-20 asphalt mixture mineral
aggregate is proposed as the 1 # gradation, providing a
reference for the selection of asphalt mixture gradation
in research.
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