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Abstract

Pavement performance of asphalt is an important criterion for road engineering quality evaluation. Proposed research paper designed
an orthogonal experiment using three asphalt mixtures, including SMA-13, AC-20 and ATB-25 to get their relation models and evaluate
pavement performances. Totally twenty-seven samples from private companies have been selected and seven crucial parameters are ana-
lyzed via factor analysis. Further analysis concluded three main factors corresponding to the three main pavement performance param-
eters (i) high-temperature stability (ii) durability and (iii) shear resistance. Based on scores of each asphalt mixture’s 3D scatter-map is
plotted. Analysis found the relationship between three above-mentioned parameters. Relationship between the three main performance
parameters has been established using graphical analysis. A separation plane can define the different types of asphalt mixtures’ scatter
distribution area, and get the regression equation for the plane. Based on the equation for the plane a more intuitionistic model has been
made which describes the relationship of asphalt pavement performance.
� 2017 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V. This is an open access article under the CCBY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Instruction

Globally produced 90% of asphalt (approx. 100 million
tons) is used to construct the asphalt pavements [1,2]. Over
90% of roads and pavements are constructed from Asphalt
in the Europe. It is a mixture of aggregates, which account
for 91–97% of the total mix and a binder, commonly bitu-
men, which accounts of 3–9% of the total mix. Asphalt is
not only used for construction of new road surfaces but
http://dx.doi.org/10.1016/j.ijprt.2017.07.007

1996-6814/� 2017 Chinese Society of Pavement Engineering. Production and

This is an open access article under the CC BY-NC-ND license (http://creativec

⇑ Corresponding authors.
E-mail addresses: ashish.shukla@coventry.ac.uk, ashish.physik@

gmail.com (A. Shukla).

Peer review under responsibility of Chinese Society of Pavement
Engineering.
also for maintenance and repair of roads [3]. Asphalt mix-
tures are the main construction materials of road engineer-
ing because of its road performance and durability.
Researcher have found that pavement infrastructure plays
an important role in the sustainability of urban systems
[4,5], it can directly impact fuel consumption and vehicle
emissions. This has been stated by researchers [5] that the
pavement infrastructure is vital component of surface
transportation. This has significant environmental impacts,
making it important that pavement should exhibit high
performance and durability. In the research of pavement
performance, much attention has often been given to the
life cycle assessment [4,6,7]; construction control [8,9,10];
gradation design [11,12,13,14] and physical and chemical
hosting by Elsevier B.V.
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Fig. 1. Factor analysis procedure.
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properties of asphalt and additive agents [15,16,17,18].
However, the comprehensive research on the relationship
of pavement performance characteristics is few. Hou
et al. [19] evaluated the pavement performance through
model analysis using predicted dynamic modulus. Authors
found that the Witczak models are useful in estimating
pavement performance associated with the CAM model.
Dai [20] developed a micromechanical finite-element (FE)
model to predict dynamic modulus (E) and phase angle
(d) of asphalt mixtures. D. Nazzal et al. [21] studied the
long-term field performance and life cycle costs of the pave-
ments. Authors found that Thermal and fatigue cracking
were the main distresses that developed in the pavement
sections. Ayar et al. [22] has investigated the healing capa-
bility of asphalt pavements. Author emphasized to conduct
a more in-depth investigation of the contribution of healing
capability to asphalt pavement design. Several experimen-
tal and modeling studies on pavement performance charac-
teristics [23,24] have been reported. The pavement
performance characteristics of asphalt mixture can be
obtained by experiment but holistic pavement performance
of asphalt mixture will not be possible. There will be no
characteristics’ model made for a comprehensive assess-
ment. In the current research, a total of seven factors
namely; (i) percentage of voids in aggregate (VV), (ii) per-
cent voids in mineral aggregate (VMA), (iii) asphalt Satu-
ration (VFA), (iv) Marshall Stability (MS), (v) Dynamic
Stability (DS), (vi) Marshall residual stability ratio
(MSR) (vii) and Freeze–thaw splitting strength ratio
(TSR) have been assessed. In a total of twenty-seven sam-
ples of three asphalt mixtures SMA, ATB and AC have
been used where SMA is stone mastic asphalt mixture,
AC is asphalt concrete and ATB is asphalt treated base.
ATB is a dense graded hot mix asphalt (HMA) having wide
gradation band and lower asphalt content. In general ATB
costs, less than typical HMA mixtures because the same
can be produced with low cost aggregates and low percent-
age of asphalt binders.

With the factor analysis, one can explain roles of the
seven different characteristics in pavement performance.
This method provides the degree of characteristic with
the factor score. Depending on the score, the relationships
among characteristics have been established. Based on
seven characteristics of three asphalt mixtures Factor anal-
ysis is also carried out. It has been found that three param-
eters namely high temperature stability, durability and
shearing resistance plays major role in the pavement
performance.

2. Materials and experiments

2.1. Theory of factor analysis

The quantitative analysis of the proposed research uses
factor analysis and is partially based on the reasoning
behind generating socio-geographical approach to scenar-
ios analysis [25,26]. Factor analysis is a multivariate statis-
tical analysis method, which studies the relationship
between the sample correlation matrix and the number of
variables or samples that have a certain relationship to
the less than the number of no-observable factors (also
known as the main factor). It has been widely used in many
fields e.g. geology, economics, sociology, archeology, biol-
ogy, medicine, and sports science [27,28,29].

2.2. Process of analysis

Fig. 1 shows process for analysis how factor analysis is
carried out for the current study.

2.3. Data standardization

In order to avoid the difference of the data dimension,
the experimental data have been standardized before the
factor analysis using the Z-score as following equation:
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x�ij ¼
xij � xjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n�1

Pn
i¼1ðxij � xjÞ2

q ð1Þ

where i ¼ 1; 2; � � � ; n; j ¼ 1; 2; � � � p, xij is the raw data,

ðxj ¼ 1
n

Pn
i¼1xij is the average value of the j variable.
2.4. Mathematical model

The variables in use are listed in Table 1.
The numbers of variables are p, the sample size is n,

where X is the data that have been standardized, such as
the Eq. (2).

X ¼

x11 x12 � � � x1p
x21 x22 � � � x2p
� � � � � � � � � � � �
xn1 xn2 � � � xnp

2
6664

3
7775 ð2Þ

The average value of P (x ¼ ðx1; x2; � � � ; xpÞ) is
l ¼ ðl1; l2; � � � ; lpÞ, the factor covariance matrix is

R ¼ ðrijÞp�p, the sample correlation coefficient matrix is

R ¼ ðqijÞp�p
. The general model of factor analysis can be

determined as following:

x1 ¼ l1 þ a11f 1 þ a12f 2 þ � � � a1mf m þ e1
x2 ¼ l2 þ a21f 1 þ a22f 2 þ � � � a2mf m þ e2
� � �
xp ¼ lp þ ap1f 1 þ ap2f 2 þ � � � apmf m þ ep

8>>>>>><
>>>>>>:

ð3Þ

where f 1; f 2; � � � ; f m are common factors. ei is the special
factor of xiði ¼ 1; 2; � � � � � � ; pÞ and it is an non-measurable
component of hidden variables.
aijði ¼ 1; 2; � � � � � � ; p; j ¼ 1; 2; � � � � � � ;mÞ is the load of
variable xi in common factor f i, It reflects the importance
of the common factor to the variable, and has played an
Table 1
The variables in use.

Variables Definition

X The original data of samples.
R The sample correlation

coefficient matrix.
l The average value of x
f 1; f 2; � � � ; f m The common factors
ei The special factor of xi
A ¼ ðaijÞp�m The factor load matrix
p The numbers of variables.
n The sample size.
aijði ¼ 1; 2; � � � � � � ; p; j ¼ 1; 2; � � � � � � ;mÞ The load of variable xi in

common factor f i

T m�m The orthogonal matrix
B The rotation factor load matrix
V j The relative variance of the

square of the elements of the j

column
important role in the interpretation of common factors.
We can simplify the Eq. (3) into matrix Eq. (4).

x ¼ lþ Af þ e ð4Þ
where A ¼ ðaijÞp�m is the factor load matrix.

f ¼ ðf 1; f 2; � � � ; f mÞ0 is the common factor vector,

e ¼ ðe1; e2; � � � ; epÞ0 is the special factor vector [8].

2.5. Factor rotation

The purpose of the establishment of the factor analysis
model is to establish the relationship between the common
factor and the real data. In that case, we need to study load
of the various variables x1; x2; � � � ; xp in each factor. The
column factor is easy to explain when the absolute value
of the elements in a column is less and the gap is large.
Therefore, when it is difficult to establish the relationship
between the factors and the data, the factor rotation is also
required. The absolute value of the elements in the factor
load matrix is 0 or 1 of the polarization, which can be used
to reduce the difficulty on relationship analysis. Kaiser,
1958 [30] proposed method namely maximum variance
rotation (Varimax) has been used in this paper [30].

In the process of maximum variance rotation (factor
rotation), set T m�m as the orthogonal matrix, let B ¼
AT ¼ ðbijÞp�m, d

2
ij ¼

b2ij
h2i
, �dj ¼ 1

p

Pp
i¼1d

2
ij, V j ¼ 1

p

Pp
i¼1ðd2

ij� �djÞ2,
j ¼ 1; 2; � � � ;m where B is the rotation factor load matrix,
V j is the relative variance of the square of the elements
of the j column, it measures the difference between the
square values of the elements of the j column. The method
of maximum variance rotation is to find the orthogonal
matrix T to reach the maximum of V ¼ V 1 þ V 2 þ � � � V m.

2.6. Factor score

There are two common factor score calculation methods
that have been used in the literature [31 namely (i) the
weighted least square method and (ii) the regression
method. In this paper, we use the regression method as
expressed by the following [31]:

Let y ¼ x� l ¼ ðx1 � l1; x2 � l2; � � � ; xp � lpÞ0 ¼
ðy1; y2; � � � ; ypÞ0, assume that f ¼ ðf 1; f 2; � � � ; f mÞ0 is on the

regression equation for y. It can be determined as the
following:

f 1 ¼ b11y1 þ b12y2 þ � � � þ b1pyp
f 2 ¼ b21y1 þ b22y2 þ � � � þ b2pyp
� � �
f m ¼ bm1y1 þ bm2y2 þ � � � þ bmpyp

8>>>>>><
>>>>>>:

ð5Þ

The matrix expression can be written as Eq. (6)

f ¼ by ð6Þ
where b ¼ ðbijÞm�p

and by the Eq. (7) as the following:
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aij ¼ covðxi; f jÞ
¼ covðxi; bj1y1 þ bj2y2 þ � � � þ xi; bjpypÞ
¼ bj1covðxi; x1Þ þ bj2covðxi; x2Þ þ � � �

þ bjpcovðxi; xpÞ
¼ bj1ri1 þ bj2ri2 þ � � � þ bjprip ð7Þ
Thus, A is:

A ¼ Rb0 ð8Þ
where the b estimated value b̂ ¼ AR�1. When substituted
into Eq. (6), we can get the estimate equation of factor
score as following:

f̂ ¼ b̂y ¼ A0R0ðx� lÞ ð9Þ
We take xÂ and S as estimate of l, A and R. Then we

put the observation data (xi) of each sample into the Eq.
(9) and get the corresponding factor score Eq. (10) as the
following:

f̂ i ¼ Â0S�1ðxi � �xÞ ð10Þ
3. Laboratory experiments

3.1. Experiment scheme

According to Standard Test Methods of Bitumen and
Bituminous Mixtures for Highway Engineering of China
Table 2
Grading scheme.

Plan 31.50 26.50 19.00 16.00 13.20 9.50

ATB1 100.00 93.62 67.93 59.79 51.31 41.78
ATB2 100.00 93.79 67.95 59.79 51.33 41.63
ATB3 100.00 93.65 67.82 59.72 51.14 41.48
ATB4 100.00 94.65 72.26 64.81 56.13 45.94
ATB5 100.00 94.59 72.53 65.32 56.71 46.76
ATB6 100.00 94.62 72.62 65.32 56.75 46.84
ATB7 100.00 92.94 63.89 55.05 46.49 37.42
ATB8 100.00 92.87 63.52 54.83 46.26 37.33
ATB9 100.00 92.82 63.88 55.18 46.44 37.45
AC1 100.00 100.00 92.59 85.41 74.39 58.70
AC2 100.00 100.00 92.59 84.99 73.31 56.60
AC3 100.00 100.00 92.51 85.40 74.39 58.81
AC4 100.00 100.00 94.79 88.30 78.20 63.81
AC5 100.00 100.00 95.31 88.61 78.10 63.10
AC6 100.00 100.00 95.20 89.89 78.99 64.89
AC7 100.00 100.00 89.89 82.00 69.99 52.99
AC8 100.00 100.00 89.91 81.60 69.09 51.29
AC9 100.00 100.00 89.90 82.20 70.69 54.40
SMA1 100.00 100.00 100.00 100.00 86.37 64.42
SMA2 100.00 100.00 100.00 100.00 86.37 64.41
SMA3 100.00 100.00 100.00 100.00 86.41 64.46
SMA4 100.00 100.00 100.00 100.00 88.85 70.85
SMA5 100.00 100.00 100.00 100.00 88.85 70.85
SMA6 100.00 100.00 100.00 100.00 88.89 70.89
SMA7 100.00 100.00 100.00 100.00 83.89 57.98
SMA8 100.00 100.00 100.00 100.00 83.89 57.98
SMA9 100.00 100.00 100.00 100.00 83.93 58.03
[32] experiments used three kinds of asphalt mixtures with
different gradation characteristics as the experimental
materials namely ATB, AC and SMA, where ATB is, a
dense graded asphalt stabilized macadam, AC is a dense
graded asphalt concrete and SMA is the stone mastic
asphalt. According to the orthogonal experimental method
[33], design experiment scheme should match the three
characteristics of asphalt mixture. With the aperture of
4.75 mm diameter as the cut-off point of the coarse and fine
aggregate, three sets of coarse aggregate ratio curves and
three sets of fine aggregate ratio curves are listed in
Table 2.

The three levels of coarse aggregate and fine aggregate
are the three curve positions of grading curve in Standard
Test Methods of Bitumen and Bituminous Mixtures for
Highway Engineering of China [32]. There are upper line
and lower line in the standard curve. In this paper, the
middle-curve is the median line of grading curve range.
The up-curve is the bisector between the upper line and
median one of it. The down-curve is the bisector between
the lower line and median one of it. The three levels of
the asphalt aggregate ratio are 6.3%, 6.4% and 6.5%. The
grading scheme is shown in Table 2.

Asphalt mixture specimen is produced on the standard
compaction method. The specimen’s sizes and the corre-
sponding experiments are listed in Table 3.

According to the experimental arrangement in Table 3,
in accordance with the relevant standard procedure [32],
the experiment result is shown in Table 4.
4.75 2.36 1.18 0.60 0.30 0.15 0.08

29.70 23.02 18.62 14.28 11.06 7.90 3.06
29.85 26.26 21.32 16.51 13.01 9.31 3.61
30.42 19.17 15.01 11.40 8.77 6.17 2.15
29.58 23.49 18.89 14.50 11.21 8.09 3.09
30.38 26.56 21.67 16.80 13.28 9.44 3.66
30.41 18.66 14.62 11.14 8.85 6.22 2.47
30.35 22.64 18.36 14.01 10.93 7.72 3.02
30.15 26.66 21.82 16.97 13.36 9.62 3.90
30.33 18.77 14.64 11.15 8.67 6.20 2.23
41.10 28.79 22.61 17.49 12.30 8.20 4.59
41.30 31.91 27.31 21.91 15.11 9.70 5.10
40.60 24.80 16.39 11.71 8.59 6.21 3.80
41.30 28.11 22.00 16.99 11.99 8.11 4.49
41.59 31.69 27.60 22.31 15.39 9.89 5.31
40.71 24.41 16.39 11.81 8.60 6.19 3.71
41.29 29.01 21.91 16.71 11.91 8.11 4.59
41.40 32.10 26.79 21.41 15.01 9.89 5.39
41.01 25.40 16.39 11.49 8.49 6.21 3.81
27.00 20.58 18.08 15.90 14.36 12.77 8.50
27.00 23.23 20.54 17.96 16.12 14.22 9.33
27.03 18.02 15.82 14.14 13.00 11.81 8.15
26.99 20.58 18.08 15.90 14.36 12.77 8.50
27.00 23.23 20.54 17.96 16.12 14.22 9.33
27.03 18.02 15.82 14.14 13.00 11.81 8.15
26.99 20.58 18.08 15.90 14.36 12.77 8.50
27.00 23.23 20.54 17.96 16.12 14.22 9.33
27.03 18.02 15.82 14.14 13.00 11.81 8.15



Table 3
Specimen for Experiment.

Size Manufacture method Experiment project

/101:6 mm� 63:5 mm
Cylindrical specimens

Marshall Compaction Method Mixture density experiment Marshall stability experiment
Immersion Marshall experiment
Splitting experiment
Freeze-thaw splitting experiment

300 mm� 300 mm� 50 mm
Prism specimen

Rolling Wheel Method Wheel tracking test

Table 4
The experiment result.

Plan VV (%) VMA (%) VFA (%) MS(KN) DS(times/mm) MSR (%) TSR (%)

ATB1 3.77 12.00 68.60 11.40 1908.00 81.33 78.31
ATB2 3.76 12.20 69.10 11.90 1349.00 83.42 86.31
ATB3 4.27 12.60 66.10 10.10 1536.00 86.54 84.52
ATB4 3.98 12.40 67.90 11.00 2297.00 86.00 77.61
ATB5 4.27 12.70 66.40 12.20 1852.00 82.90 84.01
ATB6 5.41 13.70 60.50 9.60 2345.00 83.91 85.41
ATB7 3.74 12.10 69.00 11.20 1812.00 80.15 74.10
ATB8 3.73 12.50 70.10 11.10 1468.00 97.32 64.51
ATB9 5.03 13.30 62.20 10.00 1653.00 81.63 85.31
AC1 4.60 14.50 68.28 11.90 7873.00 98.20 97.98
AC2 4.10 14.20 71.13 12.20 3499.00 86.80 92.06
AC3 7.30 19.70 62.94 8.00 3936.00 87.10 73.16
AC4 4.30 15.50 72.26 8.60 7002.00 87.40 90.17
AC5 4.70 14.60 67.81 13.30 6300.00 87.20 99.36
AC6 7.80 17.40 55.17 8.10 3001.00 91.90 98.59
AC7 3.50 13.60 74.26 11.60 7000.00 99.30 98.98
AC8 4.10 13.20 68.94 14.00 2623.00 87.30 96.96
AC9 7.60 17.20 55.81 8.50 7874.00 91.70 95.40
SMA1 4.91 18.75 73.89 6.40 9000.00 94.43 94.99
SMA2 3.76 17.77 78.89 6.11 10500.00 91.25 87.76
SMA3 4.95 18.79 73.69 5.61 5250.00 88.23 99.89
SMA4 3.78 17.69 78.73 5.94 7000.00 95.79 96.61
SMA5 3.17 17.17 82.10 4.76 5727.27 71.19 71.19
SMA6 4.81 18.57 74.17 5.19 2739.13 74.80 82.47
SMA7 4.50 18.46 76.22 5.08 9000.00 74.02 80.78
SMA8 2.50 16.75 85.16 5.97 5250.00 76.71 82.65
SMA9 4.62 18.56 75.36 5.86 4846.16 81.15 99.49
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In Table 4, the first column VV (%) is the percentage of
voids in aggregate. The value of AC3, AC6 and AC9 is rel-
atively high. The value of rest is relatively average. VMA
(%) is the percent voids in mineral aggregate. The value
of AC3, AC6 and AC9 is close to the value of SMA mate-
rials. The VMA of rest AC materials are close to the value
of ATB materials. VFA (%) is the asphalt saturation. The
value of AC and ATB materials are between 55% and 74%,
but VFA value of SMA materials are above 74%. MS is the
Marshall stability. The value of SMA materials is obvi-
ously lower than that of AC and ATB materials. And the
performance of ATB materials is more stable than that
of the others. The Dynamic stability (DS) values of ATB
materials are lower than those of the others. The fluctua-
tion of DS in AC and SMA is great. MSR is the Marshall
residual stability ratio. TSR is the freeze–thaw splitting
strength ratio. There are no significant differences in
MSR and TSR. That means the levels of ATB, AC and
SMA materials are similar to each other for the index of
MSR and TSR.
3.2. Factor loadings

The number of factors is obtained by trial from large to
small and is starting from 4. However, no solutions have
been found for factor contribution rate 4. Then try to num-
ber 3, and get the solution on contribution rate 3. During
the calculation, the maximum variance rotation method
is used to carry on the factor rotation. The factor loading
results are shown in Table 5.

Where VV is the percentage of voids in aggregate, VMA
is the percent voids in mineral aggregate, VFA is asphalt
saturation, MS is Marshall Stability, DS is dynamic stabil-
ity, MSR is the Marshall residual stability ratio, TSR is the



Table 5
Factor contribution rate.

Characteristics Contribution rate (%)

1 2 3

Percentage of voids in aggregate (VV) 7.1958 89.8003 2.6178
Percent voids in mineral aggregate (VMA) 95.8148 1.0733 2.6804
Asphalt saturation (VFA) 15.1233 84.3046 0.1713
Marshall stability (MS) 82.7146 0.7883 2.8918
Dynamic stability (DS) 25.2736 2.8457 20.4020
Marshall residual stability ratio (MSR) 2.4160 1.1692 47.6516
Freeze-thaw splitting strength ratio (TSR) 2.5145 0.8682 47.5613
Total contribution rate of each factor 33.0075 25.8357 17.7109

Table 6
The maximum likelihood estimate of specific variance.

VV VMA VFA MS DS MSR TSR

0.005 0.005 0.005 0.136 0.515 0.488 0.491

Table 7
Scores of factors.

Plan High-temperature stability Shear resistance Durability

AC 1 �0.7839 �0.1000 2.1534
AC 2 �0.6354 �0.3525 0.7718
AC 3 1.4218 1.8223 �0.3176
AC 4 �0.0629 �0.2762 0.3845
AC 5 �0.6972 0.0358 1.6724
AC 6 0.3572 2.4352 0.4962
AC 7 �0.9873 �1.0077 2.1697
AC 8 �1.1084 �0.2653 1.1642
AC 9 0.2335 2.2527 0.8887
ATB 1 �1.1699 �0.1345 �1.1301
ATB 2 �1.1945 �0.2472 �0.4742
ATB 3 �1.0420 0.2326 �0.8492
ATB 4 �1.0807 �0.0197 �0.8629
ATB 5 �1.0701 0.1732 �0.5055
ATB 6 �0.7210 1.1546 �1.0365
ATB 7 �1.0787 �0.1360 �1.4431
ATB 8 �1.0377 �0.3037 �0.6466
ATB 9 �0.8159 0.8833 �1.1813
SMA 1 0.9729 �0.1749 1.3117
SMA 2 0.7815 �0.9704 0.7642
SMA 3 1.1039 �0.0478 0.5342
SMA 4 0.7010 �0.9900 1.0922
SMA 5 1.1010 �1.1011 �2.2193
SMA 6 1.3616 0.1087 �1.6125
SMA 7 1.2953 �0.2326 �1.0926
SMA 8 0.7976 �1.7502 �1.0310
SMA 9 1.1213 �0.2537 0.0584
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freeze–thaw splitting strength ratio. In Table 2, it can be
seen that, the contribution of each factors is 33.01%,
25.84% and 17.71%, the cumulative contribution rate is
76.55%. That means the three factors reflect the pavement
performance characteristics of asphalt mixture.

In Table 5, MS and VMA have larger factor loadings in
the first common factor. In a certain extent, it is match with
the Marshall Stability and mixture gradation relationship
theory, ‘‘No matter what level the coarse aggregate struc-
ture is, the fine aggregate structure has a significant influ-
ence on the stability of asphalt mixture Marshall” [34,35].
That is to say, the first common factor reflects the high
temperature stability of asphalt mixture. In the second
common factor variables, VV and VFA have greater load-
ing values, and have inverse relation between them. With
the increase in VV, the asphalt saturation decreased, the
water absorption rate increased, and the mechanical prop-
erties (modulus, splitting strength and shear strength) of
the asphalt mixture decreased [36]. The second factor can
be defined as asphalt mixture shear resistance factor. In
the column of third common factor, the contribution rate
of DS, MSR and TSR is ten to twenty times to the other
indicators. That reflects the durability of asphalt mixture
[37,38,39]. Thus, the third common factor can be defined
as the durability factor.

3.3. The maximum likelihood estimate of specific variance

The maximum likelihood estimate of the special vari-
ance has been obtained using the principal factor method
as shown in Table 6.

When the special variance is greater or equal to 1, there
will be Heywood Phenomenon. That means there are prob-
lems in the factor analysis and the number of factors is not
applicable to this model. [40] The special variance estima-
tion value in Table 6 shows that, each variable has smaller
special variance, there is no Heywood Phenomenon. That
indicates the model with three-factors has a good fitting
effect.

3.4. The factor scores

According to the three factor model, the factor scores
were calculated, and formed into matrix. The scores are
shown in Table 7.

4. Characteristics’ distribution model of pavement

performance

4.1. Scatter diagram of factor scores

The three factors are used as the three axes to establish
three-dimensional space. According to the factor score, the
scattered points are drawn in the three-dimensional space.
In the Fig. 2, based on the performance characteristics of
the road (three axes), the three kinds of asphalt mixture



Fig. 3. Durability and high temperature stability factor score.
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pavement performance factor score in the three-
dimensional graphics form three relatively independent
scattered point distribution groups. These three distribu-
tion groups reflect a distinct, unique way with performance
characteristics. It is closely related to the performance of
the road, the composition of the mixture, the performance
of the mixture, and the related indexes are closely related,
and different gradation characteristics and physical proper-
ties show different road performance characteristics.

In order to facilitate observation and analysis, the three-
dimensional scattered point distribution map from the
three-axial direction, as shown in Figs. 3–5.

4.2. Partition plane for distributed region

The factor scores of three kinds of pavement perfor-
mance can be clearly divided by the partition plane. The
intersection points of the different asphalt pavement per-
formances are represented by the intersection of the divi-
sional plane and axes.

The dividing plane is shown in Fig. 6. That shows the
scattered points of AC, ATB and SMA characteristic are
gathered in own regions. The fitting equation of the divid-
ing plane is the formula (Eq. 11), (Eq. 12). The X-axis rep-
resents the high temperature stability, the Y-axis represents
the shear resistance, and the Z-axis represents the
durability.

1:4xþ zþ 1 ¼ 0 ð11Þ
1:3x� y � 0:8 ¼ 0 ð12Þ

The factor score distribution area can be completely sep-
arated by two orthogonal partition planes, which means
that the different mix ratios of asphalt mixture can be dis-
tinguished by factor analysis. At the same time, the plane
equation of two orthogonal split planes can be established,
which shows the proportional relationship in the various
performances’ indexes.
Fig. 2. Factor score 3D scatter diagram.

Fig. 4. Shear resistance and high temperature stability factor score.
4.3. Characteristic index analysis

Fig. 6 and Eq. (11) show that the dividing plane-1 is par-
allel to the axis Y, and splitting the factor score of ATB
from other two asphalt mixtures. That reflects ATB asphalt
performance is different from other two kinds of asphalt
mixtures in durability and high temperature stability. But
there is no significant difference in shear resistance. The
characteristics of the ATB asphalt mixture can be observed
clearly in Fig. 3. At the same time, it can be seen that the
AC asphalt mixture is more prominent in the durability,
while the SMA asphalt mixture shows more superior per-
formance of high temperature stability. ATB asphalt mix-
ture is not outstanding in high temperature stability and
durability.

Fig. 6 and Eq. (12) show that the split plane-2 is parallel
to the axis Z, and splitting the factor score of SMA from



Fig. 5. Shear resistance and durability factor score.

Fig. 6. Factor score three dimensional scattered point region.
Fig. 7. Factor score surface of asphalt pavement performance.

Fig. 8. AC factor score interpolation surface.
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other two. That reflects SMA asphalt performance is differ-
ent from other two in high temperature stability and share
resistance. But there is no significant difference in durabil-
ity. It can be seen clearly in Fig. 4. At the same time, SMA
showed excellent high temperature stability, but the shear
resistance of ATB asphalt mixture, AC seems to have a
good performance in the shear resistance and high
temperature stability, but the overall distribution is more
dispersed, the performance is not stable and not
prominent.

In Fig. 5, the characteristics of the asphalt mixture are
not significant, and the distribution of the sample points
is relatively dispersed, and there are no significant distribu-
tion characteristics. That shows the relationship of shear
resistance and durability is not obvious.
5. Factor score distribution surface fitting

5.1. Green spline interpolation of the factor score

Because of the limited number of samples, the simplicity
of the surface fitting can produce large errors, which is not
conducive to building data model and surface fitting, as
shown in Fig. 7. Therefore, in order to improve the data
density, the approximate distribution of the finite scattered
point data is estimated by the interpolation method.

In this paper, we use the interpolation algorithm of the
three-dimensional double harmonic Green function. The
interpolation surface is a linear combination of the Green’s
function in the center of the sample distribution. By adjust-
ing the weight of each point to optimize the surface to
achieve the purpose of the distribution points through the
sample [41,42]. The performance factor score 3D interpola-
tion surfaces of AC, ATB and SMA are shown in Figs. 8–10.

5.2. Fitting of the factor score interpolation surface

By the method of least squares, the ATB, SMA and AC
asphalt pavement performance factor scores interpolation



Fig. 9. ATB factor score interpolation surface.

Fig. 10. SMA factor score interpolation surface.

Fig. 11. Fitting surface of AC factor score.

Fig. 12. Fitting surface of ATB factor score.

Fig. 13. Fitting surface of SMA factor score.
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surface is fitted. The coefficients of N polynomials are cal-
culated and the expressions of the fitting surfaces are
arranged.
The fitting surface of AC asphalt mixture is shown in
Fig. 11, and the fitting equation is shown in Eq. (13).

f ðx; yÞ ¼ 0:884� 0:029xþ 0:415y þ 0:465x2

� 0:291xy þ 0:803y2 þ 0:046x3 � 0:36x2y

� 0:077xy2 � 0:5y3 � 0:096x4 þ 0:014x3y

� 0:168x2y2 þ 0:047xy3 � 0:092y4

þ 0:027x4y � 0:007x3y2 þ 0:036x2y3

þ 0:014xy4 þ 0:058y5 ð13Þ
The fitting surface of ATB asphalt mixture is shown in

Fig. 12, and the fitting equation is shown in Eq. (14).

f ðx; yÞ ¼ �1:325þ 0:213x� 0:274y þ 0:951x2

þ 0:553xy þ 0:374y2 þ 0:135x3 þ 0:072x2y

þ 0:283xy2 þ 0:283y3 � 0:051x4 � 0:044x3y

� 0:029x2y2 � 0:061xy3 þ 0:005y4 þ 0:014x5

þ 0:007x4y � 0:01x3y2 � 0:008x2y3

� 0:009xy4 � 0:023y5 ð14Þ



Table 8
List of fitting effect evaluation parameter.

Surface-fit Variance Standard deviation Determination coefficient Adjusted determination coefficient

Score-AC 10.26 0.1561 0.9804 0.9795
Score-ATB 4.06 0.0983 0.9972 0.9971
Score-SMA 25.93 0.1572 0.9906 0.9905

Table 9
Verification data.

Plan VV VMA VFA MS DS MSR TSR

AC-c 4.0 13 70.5 16.9 4211 94.7 85.8
ATB-c 4.0 13 69.2 12.3 2104 96.1 80.7
SMA-c 3.6 17.2 78.9 10.6 6101 89.2 81.2

Fig. 14. Partition surface of factor score.
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The fitting surface of SMA asphalt mixture is shown in
Fig. 13, and the fitting equation is shown in Eq. (15).

f ðx; yÞ ¼ �4:371þ 22:17x� 7:254y � 23:95x2

þ 11:48xy � 1:39y2 þ 6:83x3 � 6:33x2y

� 3:484xy2 þ 0:23y3 þ 1:554x3y þ 2:794x2y2

þ 0:536xy3 þ 0:7y4 ð15Þ
In statistics, the model’s fitting degree is usually mea-

sured by the variance, the adjusted determination coeffi-
cient, and the standard deviation. That is shown in Table 8.

The smaller the variance and the standard deviation, the
better the surface fitting effect; the determination coefficient
and the adjusted determination coefficient are close to 1,
the fitting effect is better. It can be seen from Table 5 that
the factor score surface fitting effect of AC, ATB and SMA
asphalt pavement performance is good and reaches the
high level of fitting effect evaluation. The fitting surface
accurately represents the distribution of the factor score
in a three factor space.
6. Verification analysis

The experimental data of the construction site labora-
tory are collected in the same project in Table 9, taking
them as the experimental verification data, repeat the steps
of the analysis.

After the factor analysis, the factor scores of verification
data are plotted in the scatter diagram as shown in Fig. 14.
The discrete points of the verification samples are dis-
tributed in the region of different asphalts mixtures, and
meet the regional division of the original partition surface.
That shows the distribution of different sets of features can
be effectively used for the distribution of asphalt pavement
performance.

7. Conclusions

Based on the factor analysis, the seven pavement perfor-
mance indexes are reduced to three factors, which symbol-
ize high temperature stability, durability and shearing
resistance respectively. That laid the foundation for the
analysis of the performance characteristics of asphalt mix-
ture with different gradation. Following conclusions have
been made from the current research:

(1) Based on the three scores of pavement performance
for each sample, a 3D scattered point distribution
chart was drawn. The performance of three asphalt
mixtures showed distinct characteristics. There three
scattered point distribution groups, independent of
each other. That can be used to distinguish the
pavement performance characteristics of asphalt
mixture.

(2) The split plane can be mapped on the 3D scattered
point distribution chart and can be used to segment
the area of three scattered point distribution groups.
On the basis of fitting method, the formula of split
plane can be developed, and the initial model of rela-
tionship in pavement performance indexes can be
established. The factor score of the validation data
is consistent with the model, which proves the model
is valid. Unlike other studies, we visualize the results
of the factor analysis. The distribution of scattered
points is classified and the distribution space is fitted.
They are taken as the characteristics’ relation models.
It is not a factor score, or a description, but the over-
all distribution to describe the pavement perfor-
mance. With the deepening of the research, it may
develop into four dimensions, five dimensions and
so on.

(3) Based on the number of characteristics and samples,
the experimental data can only reflect the pavement
performance of an asphalt mixture on a certain level.
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It is difficult to attain a higher accuracy of either the
regional distribution map, or the pavement
performance equation. If a larger data base were to
be used in the factor analysis, a higher level of data
and knowledge would be achieved. Through the
long-term accumulation of data, both the data model
of pavement performance relationship and the
accuracy of model fitting will be gradually improved.

(4) Different material compositions determine the
different asphalt pavement performances, and
different pavement performance indexes reflect the
different characteristics of an asphalt mixture. By
the method of factor analysis, the corresponding
relationship between pavement performance and the
composition of asphalt mixture can be discovered
and emphasized.
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